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I. I n t r o d u c t i o n  

c 

I 

1 

Bal loon  borne  pay loads  are  used f o r  c o n d u c t i n g  a e r o s p a c e  expe r imen t s  
p r i m a r i l y  because  of t h e i r  r e l a t i v e l y  low c o s t .  
some form of a t t i t u d e  c o n t r o l ,  however, and t h e  d e s i g n  and development  of such  
a sys tem c a n  become e x p e n s i v e .  T h i s  paper  d e s c r i b e s  t h e  d e s i g n ,  development  
and t e s t i n g  of a r e l a t i v e l y  inexpens ive  b a l l o o n  s o l a r  o b s e r v a t o r y  sys t em s u i t -  
a b l e  f o r  s c i e n t i f i c  expe r imen t s  where p o i n t i n g  accu racy  i s  not  paramount ,  The 
sys tem f u n c t i o n s  i n  two p r imary  modes: s o l a r  and computer .  The s o l a r  mode i s  
used  t o  p o i n t  a n  exper iment  t o  t h e  center of  t h e  sun and h a s  a n  accu racy  of 
b e t t e r  t h a n  +1 d e g r e e .  The computer  mode i s  used t o  p o i n t  an  expe r imen t  toward 
any s e l e c t e d - p o i n t s  i n  t h e  c e l e s t i a l  s p h e r e ,  w i t h o u t  b e n e f i t  o f  r a d i a t i n g  s t i m -  
u l i ,  and h a s  a n  accu racy  of b e t t e r  t han  +3 d e g r e e s  o v e r  a p e r i o d  of  10 h o u r s ,  
I n  a d d i t i o n  t o  t h e  p r imary  modes of o p e r a t i o n ,  t h e r e  a r e  a number of  s econdary  
modes such a s  back-azimuth,  l aunch- recove ry ,  e t c .  Photographs  of t h e  sys tem 
a r e  shown a t  t h e  end of t h i s  r e p o r t .  

P o i n t e d  e x p e r i m e n t s  do r e q u i r e  

11. System D e s c r i p t i o n  

A t y p i c a l  b a l l o o n  sys tem i s  shown i n  F i g u r e  1. The gondola  i s  a t t a c h e d  
t o  t h e  b a l l o o n  v ia  a p a r a c h u t e  ( m u l t i f i l a r  s u s p e n s i o n ) .  The s p r e a d e r  p l a t e s  
and r i n g  p r o v i d e  t h e  p r o p e r  s t i f f n e s s  t o  t h e  m u l t i f i l a r  s u s p e n s i o n  f o r  e x p e r i -  
ment p o i n t i n g .  Recovery i s  made by s e p a r a t i o n  of t h e  r e l e a s e  mechanism, t h e  
p a r a c h u t e  p r o v i d i n g  a r e a s o n a b l e  d e s c e n t .  Ground impact  l o a d s  a r e  absorbed  
by a shock  m i t i g a t o r  f a b r i c a t e d  from a f r a n g i b l e  m a t e r i a l .  The az imuth  b e a r i n g  
p r e c l u d e s  overworking o f t h e  az imuth  c o n t r o l  l oop  i n  t h e  e v e n t  t h e  b a l l o o n  i s  
r o t a t i n g  r a p i d l y  d u r i n g  a s c e n t ;  i t  i s  a l s o  r e q u i r e d  t o  a i d  p o i n t i n g  s t a b i l i t y .  
The gondola  i t s e l f  i s  made up of a gondola assembly ,  i n e r t i a  r i n g  assembly and 
a mast assembly.  The gondola  assembly i s  mated t o  t h e  i n e r t i a  r i n g  and mast 
a s s e m b l i e s  by b a l l  b e a r i n g s .  Azimuth and e l e v a t i o n  c o n t r o l  of t h e  exper iment  
e n a b l e s  in s t rumen t  p o i n t i n g  t o  any d e s i r e d  d i r e c t i o n .  The p r o p e r  a n g l e s  a r e  
g e n e r a t e d  by a computer .  The az imuth  s e r v o  d r i v e ,  which i s  a t t a c h e d  t o  t h e  
gondola  assembly ,  t o r q u e s  a g a i n s t  t h e  mast and i n e r t i a  r i n g  a s s e m b l i e s  t o  pro-  
v i d e  a z i m u t h a l  mot ion  of t h e  experiment  u s i n g  magnet ic  n o r t h  a s  a r e f e r e n c e .  
The e l e v a t i o n  s e r v o  t o r q u e s  a g a i n s t  t he  gondola  assembly t o  o b t a i n  e l e v a t i o n  
mot ion  u s i n g  t h e  p e n d u l o s i t y  of  t h e  suspens ion  sys tem t o  p r o v i d e  a n  e l e v a t i o n  
r e f e r e n c e .  The p o i n t i n g  of t h e  experiment  d u r i n g  f l i g h t  i s  pre-programmed by 
means of  a r o t a t i n g  cam programmer. The b a l l o o n  sys tem i s  powered by b a t t e r -  
i e s .  Experiment d a t a ,  a long  w i t h  some key sys tem o p e r a t i o n  d a t a ,  i s  r eco rded  
on b o a r d ,  u s i n g  a t a p e  r e c o r d e r .  

I n  o r d e r  t o  accompl ish  t h e  expe r imen te r s '  o b j e c t i v e s ,  t h e  sys tem o p e r a t e s  
i n  t h e  f o l l o w i n g  modes: 

1. Launch-Recovery 
2 .  S o l a r  T rack ing  
3 .  S t e l l a r  Tracking  
4 .  Back-Azimuth 
5. E l e v a t i o n  Command 

These modes a r e  not  independent .  For  example,  mode 4 o c c u r s  w h i l e  t h e  
sys tem i s  i n  mode 2 o r  3 .  A d e s c r i p t i o n  of each mode f o l l o w s :  
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Launch-Recoverv 

T h i s  mode i s  used when t h e  system i s  e i t h e r  be ing  launched  o r  r e c o v e r e d .  
The l aunch  and r e c o v e r y  phases  of t h e  mode have t h e  same implemen ta t ion ,  and 
t h e  sys tem s t a t u s  d u r i n g  r ecove ry  i s  t h e  same a s  d u r i n g  l a u n c h ,  
phase  of t h i s  mode i s  begun on t h e  ground and t e r m i n a t e s  w i t h  t h e  p o i n t i n g  
modes (modes 2 t h rough  5 above)  beg inn ing  a t  approx ima te ly  80,000 f e e t  a l t i -  
t u d e .  Fo l lowing  t h e  d e s i r e d  f l i g h t  t i m e ,  t h e  r ecove ry  phase  of t h i s  mode i s  
i n i t i a t e d .  Dur ing  t h i s  mode, t h e  system i s  e s s e n t i a l l y  d e - e n e r g i z e d .  

The l a u n c h  

S o l a r  T rack ing  

In t h i s  mode, t h e  exper iment  i s  p o i n t e d  t o  t h e  c e n t e r  of t h e  sun .  E r r o r  
s i g n a l s  f o r  az imuth  and e l e v a t i o n  c o n t r o l  a r e  provided  by a sun  s e n s o r  u s i n g  
matched s i l i c o n  d e t e c t o r s .  

S t e l l a r  T rack ing  

I n  t h i s  mode, t h e  exper iment  i s  p o i n t e d ,  open l o o p ,  t o  any  d e s i r e d  p o i n t  
i n  t h e  c e l e s t i a l  s p h e r e .  T h i s  i s  accomplished by r e s o l v i n g  t h e  r i g h t  a scen -  
s i o n  and d e c l i n a t i o n  a n g l e s  th rough  t h e  a n g u l a r  v a r i a b l e s  a s s o c i a t e d  w i t h  t h e  
balloon's geograph ic  p o s i t i o n  and e a r t h ' s  r o t a t i o n  i n t o  expe r imen t  az imuth  and 
e l e v a t i o n  a n g l e s .  T h i s  i s  performed w i t h  a c h a i n  of e l e c t r i c a l  i n d u c t i o n  
r e s o l v e r s .  

Back Azimuth 

I n  t h i s  mode, t h e  gondola  slews 180 d e g r e e s  i n  azimuth from i t s  s o l a r  
o r  s t e l l a r  mode t a r g e t ,  wh i l e  e l e v a t i o n  i s  ma in ta ined  a t  i t s  l a s t  v a l u e  p r i o r  
t o  t h e  i n i t i a t i o n  of t h e  mode. 

E l e v a t i o n  Command 

I n  t h i s  mode, t h e  exper iment  i s  commanded t o  p o i n t  u p ,  down, o r  h o r i -  
z n n t i l ,  relative tc the gondola.  T h i s  iS accomplished by p i a c i n g  t h e  sys tem 
i n  t h e  s t e l l a r  t r a c k i n g  mode and s u p p l y i n g  r e f e r e n c e  v o l t a g e s  t o  t h e  e l e v a t i o n  
r e s o l v e r .  

111. C o n t r o l  System 

A. Logic  

I n t r o d u c t i o n  

The l o g i c  r e q u i r e d  t o  se lec t  and c o n t r o l  system modes i s  implemented by 
r e l a y s  l o c a t e d  a p p r o p r i a t e l y  throughout  t h e  system. These r e l a y s  a r e  p r i -  
m a r i l y  c o n t r o l l e d  by a motor -dr iven  cam programmer which c o n s i s t s  of 16 
a d j u s t a b l e  cams and t h e i r  a s s o c i a t e d  s w i t c h e s .  
s w i t c h e s  a r e  f o r  expe r imen te r  u s a g e . )  A d d i t i o n a l  l o g i c  hardware c o n s i s t s  of 
a " t i m e  z e r o "  s w i t c h ,  a ba romet r i c  swi t ch  and 24 hour  l aunch- recove ry  cam, a 
l o g i c  s o l a r  c e l l  and u l t r a - s e n s i t i v e  r e l a y ,  and a "cam r o t a t i n g ' '  l i g h t .  A 
d i s c u s s i o n  of  t h e  f u n c t i o n i n g  of t h e s e  components t o  accompl ish  the  sys t em 
modes f o l l o w s .  

(E igh t  of t h e s e  cams and 

F i g u r e  2 i s  a complete  d iagram of t h e  sys tem l o g i c .  
2 - I  
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Mode L o g i i  

Launch- Recoverv 

The l aunch  p h a s e  of t h i s  mode i s  begun by c l o s i n g  t h e  * ' t i m e  z e r o "  s w i t c h .  
T h i s  p r o v i d e s  b a t t e r y  power t o  t h e  cam programmer motor  which r o t a t e s  t h e  16 
cams, t h e  l aunch- recove ry  cam, and t h e  e a r t h  r a t e  r e s o l v e r s  i n  t h e  computing 
r e s o l v e r  c h a i n .  T h i s  l a t t e r  f u n c t i o n  r e q u i r e s  t h a t  t h e  c l o s i n g  of t h e  s w i t c h  
be p r e c i s e l y  c o o r d i n a t e d  w i t h  some time r e f e r e n c e  such  a s  WWV ( N a t i o n a l  Bureau 
of S t a n d a r d s  r a d i o  s t a t i o n ) .  When t h e  " t i m e  ze ro"  s w i t c h  i s  c l o s e d ,  t h e  l aunch  
r e c o v e r y  r e l a y  e n e r g i z e s ,  p r e v e n t i n g  e l e c t r i c a l  power from be ing  d i s t r i b u t e d  
t o  t h e  sys tem.  The l aunch- recove ry  r e l a y  i s  e n e r g i z e d  th rough  b o t h  t h e  c l o s e d  
b a r o m e t r i c  s w i t c h  and t h e  s w i t c h  a s s o c i a t e d  w i t h  t h e  l aunch- recove ry  cam, s ince  
t h e s e  s w i t c h e s  a r e  i n  series w i t h  t h e  r e l a y  c o i l .  Only one s w i t c h ,  of t h e  16 
a s s o c i a t e d  w i t h  t h e  cam programmer, i s  e f f e c t i v e  a t  t h i s  t ime. T h i s  s w i t c h ,  
and t h e  cam a s s o c i a t e d  w i t h  i t ,  i s  used t o  a l t e r n a t e l y  t u r n  o f f  o r  on t h e  "cam 
r o t a t i n g "  l i g h t .  Mon i to r ing  of t h i s  l i g h t  u n t i l  t h e  i n s t a n t  of l a u n c h  a s s u r e s  
t h a t  a l l  cams a r e  r o t a t i n g  and t h a t  t h e  e a r t h  r a t e  r e s o l v e r s  a r e  be ing  d r i v e n  
p r o p e r l y .  The l aunch  phase  of t h i s  mode i s  t e r m i n a t e d  by t h e  opening  of t h e  
b a r o m e t r i c  s w i t c h  when t h e  b a l l o o n  r eaches  a l t i t u d e .  ( I n  t h e  e v e n t  t h a t  t h e  
b a r o m e t r i c  s w i t c h  f a i l s  t o  open,  t h e  l aunch- recove ry  r e l a y  w i l l  be  de -ene rg ized  
a s h o r t  t i m e  l a t e r  by t h e  l aunch- recove ry  cam s w i t c h . )  Once t h e  l aunch-  
r e c o v e r y  r e l a y  i s  d e - e n e r g i z e d ,  power i s  d i s t r i b u t e d  th roughou t  t h e  sys t em,  
and t h e  cam programmer s w i t c h e s  become e f f e c t i v e  i n  sequenc ing  t h e  sys tem 
th rough  t h e  pre-programmed f l i g h t  modes. The cam programmer r o t a t e s  a t  a 
nominal r a t e  of one r e v o l u t i o n  p e r  hour ,  s o  t h e  mode sequence pre-programmed 
on i t s  cams r e p e a t s  i t s e l f  each  hour .  The l aunch- recove ry  cam s w i t c h  i s  set  
t o  c l o s e  j u s t  p r i o r  t o  t h e  end of the  f l i g h t ,  s o  t h a t  when approx ima te ly  
80,000 f ee t  i s  r e a c h e d ,  t h e  l aunch- recove ry  r e l a y  w i l l  be  e n e r g i z e d  by t h e  
c l o s i n g  of t he  b a r o m e t r i c  s w i t c h .  When t h e  r e l a y  i s  e n e r g i z e d ,  power i s  a g a i n  
removed from t h e  sys tem and t h e  system i s  p repa red  f o r  r e c o v e r y .  During t h e  
r e c o v e r y  p h a s e ,  a s  i n  t h e  l aunch  phase of t h i s  mode, t h e  cam programmer motor 
c o n t i n u e s  t o  o p e r a t e .  I t  shou ld  be  noted  t h a t  when t h e  cam programmer s w i t c h e s  
become e f f e c t i v e ,  f o l l o w i n g  t h e  launch  p h a s e ,  t h e  pre-programmed sequence  may 
be  a t  any p o i n t  i n  i t s  c y c l e .  

S o l a r  T r a c k i n g  

I n  t h i s  mode, no r e l a y s  a r e  e n e r g i z e d .  The s o l a r / s t e l l a r  r e l a y s  connec t  
t h e  e l e v a t i o n  and az imuth  s o l a r  cel ls  t o  t h e i r  r e s p e c t i v e  s e r v o  l o o p s l  re- 
s u l t i n g  i n  s o l a r  t r a c k i n g .  The c o n t r o l  f i e l d  of t h e  e l e v a t i o n  loop  s e r v o  
motor  i s  k e p t  open i n  t h i s  mode, u n t i l  t h e  sun  i s  a d e q u a t e l y  a c q u i r e d  i n  
a z i m u t h .  This i s  accomplished by a l o g i c  s o l a r  c e l l  connec ted  d i r e c t l y  t o  
a n  u l t r a - s e n s i t i v e  r e l a y .  The u l t r a - s e n s i t i v e  r e l a y  i n  t u r n  c o n t r o l s  28 v o l t s  
DC t o  t h e  sun  a c q u i s i t i o n  r e l a y  i n  t h e  e l e v a t i o n  l o o p .  Dur ing  t h i s  mode, t h e  
d e - e n e r g i z e d  s t a t e  of t h e  s o l a r / s t e l l a r  r e l a y  c o n n e c t s  a phase  s h i f t i n g  c a p a c i -  
t o r  i n t o  t h e  e l e v a t i o n  s e r v o  l o o p s ,  t o  improve s e r v o  per formance .  

3 



I n  t h i s  mode, t h e  s o l a r / s t e l l a r  r e l a y s  a r e  e n e r g i z e d ,  c o n n e c t i n g  t h e  
a z i m u t h  c o n t r o l  t r a n s f o r m e r  and the  e l e v a t i o n  r e s o l v e r  t o  t h e i r  respec t ive  
s e r v o  l o o p s .  The s t a t e  of t h e  s t a r  se lec t  r e l a y ,  c o n t r o l l e d  by t h e  cam 
programmer,  d e t e r m i n e s  which of two pre-se t  s t a r  t a r g e t s  i s  t r a c k e d .  

I 

Back Azimuth 

Back az imuth  i s  accomplished w i t h  "back az imuth  r e l a y s ' '  i n  t h e  e l e v a t i o n  
and a z i m u t h  s e r v o  l o o p s  and i n  t h e  az imuth  r e s o l v e r  n u l l i n g  l o o p .  Whether 
back  az imuth  i s  c a l l e d  f o r  i n  t h e  s o l a r  o r  s t e l l a r  mode, e l e v a t i o n  i s  main- 
t a i n e d  by opening  o f  t h e  e l e v a t i o n  s e r v o  motor  c o n t r o l  f i e l d  w i t h  t h e  back 
az imuth  r e l a y  l o c a t e d  i n  t h e  e l e v a t i o n  s e r v o  l o o p .  There  i s  a d i f f e r e n c e  i n  
implementa t ion  f o r  t h e  s o l a r  and s t e l l a r  modes i n  t h e  az imuth  c a s e ,  however.  
When back  az imuth  o c c u r s  i n  t h e  s o l a r  mode, t h e  s i g n a l  p o l a r i t y  i s  s w i t c h e d  
on t h e  c o n t r o l  f i e l d  of t h e  a z i m u t h  s e r v o  m o t o r ,  and a s m a l l  b i a s  v o l t a g e  i s  
added t o  d r i v e  o f f  any  n u l l  which may e x i s t .  T h i s  i s  accompl ished  by t h e  
"back az imuth  r e l a y "  l o c a t e d  i n  t h e  az imuth  s e r v o  l o o p ,  and r e s u l t s  i n  t h e  
gondola  s t a b l e  n u l l  s h i f t i n g  180°, p r o d u c i n g  t h e  d e s i r e d  a z i m u t h  r e o r i e n t a -  
t i o n .  When back az imuth  o c c u r s  i n  t h e  s t e l l a r  mode, t h e  same c o n c e p t  i s  
u s e d ,  b u t  t h e  p o l a r i t y  r e v e r s a l  and b i a s  i s  i n t r o d u c e d  i n  t h e  l o o p  which 
n u l l s  t h e  azimuth r e s o l v e r .  T h i s  i s  accompl ished  by t h e  "back a z i m u t h  r 'elay" 
l o c a t e d  i n  t h e  a z i m u t h  r e s o l v e r  n u l l i n g  l o o p .  I n  t h e  s t e l l a r  mode c a s e ,  t h e  
"back az imuth  r e l a y "  i n  t h e  az imuth  s e r v o  is  i n h i b i t e d  from o p e r a t i n g  because  
t h e  two r e v e r s a l s  would c a n c e l .  I n  t h e  c a s e  of back az imuth  i n  t h e  s o l a r  
mode, b o t h  r e v e r s a l s  a r e  a l l o w e d ,  s i n c e  t h e  r e v e r s a l  i n  t h e  r e s o l v e r  n u l l i n g  
l o o p  h a s  no e f f e c t .  

E l e v a t i o n  Command 

E l e v a t i o n  command i s  accomplished by s w i t c h i n g  f i x e d  v o l t a g e s  t o  t h e  
s t a t o r  windings  of t h e  e l e v a t i o n  r e s o l v e r  w h i l e  t h e  s y s t e m  i s  i n  t h e  s t e l l a r  
t r a c k i n g  mode. Azimuth o r i e n t a t i o n  d u r i n g  e l e v a t i o n  commands i s  t h a t  c o r -  
r e s p o n d i n g  t o  t h e  s t e l l a r  t a r g e t  s e l e c t e d .  When t h e  s t e l l a r /  command r e l a y  
is  e n e r g i z e d ,  t h e  normal r e s o l v e r  c h a i n  i n p u t  t o  t h e  e l e v a t i o n  r e s o l v e r  
s t a t o r  w i n d i n g s  i s  removed and r e p l a c e d  by a r e f e r e n c e  v o l t a g e  on one winding  
and a s h o r t  on  t h e  o t h e r .  T h i s  r e s u l t s  i n  t h e  exper iment  p o i n t i n g  up .  
P r l i n t i n g  down i s  accomplished by e n e r g i z i n g  t h e  down se1ec.t r e l a y ,  which 
r ~ v e r s e s  t h e  p o l a r i t y  of t h e  v o l t a g e  b e i n g  a p p l i e d  t o  t h e  winding  n o t  s h o r t e d .  
P o i n t i n g  h o r i z o n t a l  i s  accomplished by r e t u r n i n g  t o  t h e  c a s e  of o n l y  t h e  
s te l lar /command r e l a y  e n e r g i z e d ,  b u t  f u r t h e r  e n e r g i z i n g  t h e  h o r i z o n t a l  s e l e c t  
r e l a y .  T h i s  r e s u l t s  i n  t h e  r e f e r e n c e  v o l t a g e  now b e i n g  a p p l i e d  t o  t h e  s t a t o r  
winding  which i s  s h o r t e d  when o n l y  t h e  s te l lar /command r e l a y  i s  e n e r g i z e d ,  
and s h o r t s  t h e  o t h e r  s t a t o r  winding .  

Pre-Programmed E x p e r i m e n t e r ' s  Sequences 

The modes d i s c u s s e d  a r e  a v a i l a b l e  t o  a l l o w  t h e  e x p e r i m e n t e r s  t o  se t  up 
pre-programmed sequences  on t h e  cam programmer t o  a c h i e v e  t h e i r  s c i e n t i f i c  
o b j e c t i v e s .  The u s e  of t h e s e  modes on t h r e e  t y p i c a l  s e q u e n c e s  i s  i l l u s t r a t e d  
i n  F i g u r e  3 .  The c o r r e s p o n d i n g  r e l a y  d u t y  c y c l e s  a r e  shown i n  F i g u r e  4.  
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S p e c i a l  L,ogic Notes  

T h i s  s e c t i o n  d e s c r i b e s  some of t h e  more d e t a i l e d  f e a t u r e s  of  t h e  b a l l o o n  
sys tem l o g i c .  I n c l u d e d  a r e  d i s c u s s i o n s  of  s e t t i n g  t h e  l aunch- recove ry  cam, 
cam o v e r l a p ,  back az imuth  cams, r a t i o  change g e a r s ,  e l e v a t i o n  b l i n d  s p o t ,  and 
cam- reso lve r  d r i v e  motor .  

S e t t i n g  t h e  Launch-Recovery Cam 

The u s e  of t h i s  cam i n  implementing t h e  l aunch- recove ry  mode was mentioned 
i n  t h e  s e c t i o n  on modes of o p e r a t i o n .  A s  s t a t e d  t h e r e ,  t h e  l aunch- recove ry  cam 
s w i t c h  i s  i n  series w i t h  t h e  ba romet r i c  s w i t c h  f o r  c o n t r o l l i n g  t h e  s t a t e  of t h e  
l aunch- recove ry  r e l a y .  The f u n c t i o n  of t h e  cam and i t s  a s s o c i a t e d  s w i t c h  a r e  
t o  back-up t h e  b a r o m e t r i c  s w i t c h .  However, c e r t a i n  c o n s i d e r a t i o n s  must b e  t a k e n  
i n  s e t t i n g  i t .  F i r s t ,  t h e  cam should  be  set  t o  open i t s  s w i t c h  some s a f e  time 
a f t e r  t h e  b a r o m e t r i c  s w i t c h  h a s  a c t u a t e d  d u r i n g  t h e  l a u n c h .  Th i s  r e q u i r e s  t h a t  
an e s t i m a t e  be made of  how long  t h e  b a l l o o n  w i l l  b e  on t h e  ground a f t e r  t h e  
"time z e r o "  s w i t c h  i s  c l o s e d  and how long  i t  w i l l  t a k e  f o r  t h e  a s c e n t  t o  80,000 
f e e t .  I f  t h i s  e s t i m a t e  i s  t o o  s h o r t ,  p rema tu re  o p e r a t i o n  of tk sys t em w i l l  
occu r .  I f  i t  i s  t o o  l o n g ,  v a l u a b l e  f l i g h t  t i m e  w i l l  be  l o s t  i n  t h e  e v e n t  t h a t  
t h e  b a r o m e t r i c  s w i t c h  f a i l s  t o  open.  I n i t i a t i o n  of t h e  r ecove ry  p h a s e  r e q u i r e s  
t h a t  b o t h  t h e  cam s w i t c h  and t h e  b a r o m e t r i c  s w i t c h  a r e  c l o s e d .  T h e r e f o r e ,  
p r i o r  t o  l a u n c h ,  it shou ld  be e s t i m a t e d  how l o n g  t h e  f l i g h t  w i l l  l a s t ,  so t h a t  
t h e  cam s w i t c h  c a n  be set  t o  c l o s e  some s a f e  t i m e  b e f o r e  t h e  b a r o m e t r i c  s w i t c h  
w i l l  c l o s e  on t h e  d e s c e n t .  Too s h o r t  a n  e s t i m a t e  w i l l  r e s u l t  i n  l o s s  of v a l u -  
a b l e  f l i g h t  t i m e  i f  t h e  b a r o m e t r i c  swi t ch  f a i l s  t o  open d u r i n g  t h e  f l i g h t .  
Too l o n g  a n  e s t i m a t e  w i l l  r e s u l t  i n  f a i l u r e  t o  i n i t i a t e  r ecove ry  a t  80,000 f t  
by t h e  b a r o m e t r i c  s w i t c h .  It  shou ld  be noted  t h a t  a n  "open" f a i l u r e  of e i t h e r  
t h e  l aunch- recove ry  s w i t c h  o r  b a r o m e t r i c  s w i t c h  w i l l  r e s u l t  i n  t h e  r e c o v e r y  
phase  n o t  be ing  i n i t i a t e d .  A l so ,  i f  b a l l o o n  r ecove ry  i s  n o t  accompl ished  by 
t h e  t i m e  t h e  l aunch- recove ry  cam r e c y c l e s  t o  i t s  "open" p o s i t i o n ,  sys t em 
o p e r a t i o n  w i l l  resume on t h e  ground.  T h i s  i s  a consequence of t h e  c o n t i n u o u s  
o p e r a t i o n  of t h e  d r i v e  motor  whenever t h e  " t i m e  ze ro"  s w i t c h  i s  c l o s e d .  Any 
p r e c i s e  s e t t i n g  of t h e  l aunch- recove ry  cam i s  compl i ca t ed  by i t s  b e i n g  a 24- 
hour  c y c l e  on a s m a l l  cam. 

Cam OverlaD 

S i n c e  t h e  cams on t h e  cam programmer a r e  se t  i n d e p e n d e n t l y ,  t h e  r e l a y  
a c t u a t i o n s  t o  accompl i sh  t h e  e x p e r i m e n t e r ' s  sequences  w i l l  n o t ,  i n  g e n e r a l ,  
o c c u r  p r e c i s e l y  t o g e t h e r .  From a n  o p e r a t i o n a l  s t a n d p o i n t ,  t h e r e  i s  o n l y  one 
p o s s i b l e  s e r i o u s  consequence of t h i s  i n  t h e  c a s e  of t h e  e l e v a t i o n  command mode 
when l o o k i n g  h o r i z o n t a l .  I f  t h e  sequence of t h e  commanded e l e v a t i o n s  i s  no t  
c a r e f u l l y  s e l e c t e d ,  a n  o v e r l a p  of t h e  down s e l e c t  r e l a y  t i m e  w i l l  c a u s e  e l e v a -  
t i o n  t o  a t t e m p t  t o  p o i n t  i n t o  t h e  gondola .  T h i s  c a n ,  and s h o u l d ,  be avoided  
by n e v e r  commanding " look  h o r i z o n t a l "  immedia te ly  b e f o r e  o r  a f t e r  " look  down". 

Back Azimuth Cams 

Two cams i n  t h e  cam programmer a r e  d e s i g n a t e d  f o r  back az imuth .  T h i s  i s  
t o  accommodate two back az imuth  modes i n  one sequence .  O the rwise ,  one cam w i t h  
two a d j u s t a b l e  n o t c h e s  would be  r e q u i r e d .  I n  sequences  where o n l y  one back 
a z i m u t h  mode i s  r e q u i r e d  i n  a cyc le ,  t h e  o t h e r  cam i s  a v a i l a b l e  a s  a s p a r e .  
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R a t i o  Change Gears  

As n o t e d  p r e v i o u s l y ,  t h e  pre-programmed sequence cyc les  a t  a nominal r a t e  
of one  r e v o l u t i o n  p e r  hour .  The d e s i g n  is s u c h  t h a t  two gears i n  t h e  d r i v e  of 
t h e  cam programmer a r e  r e p l a c e a b l e  by g e a r s  of o t h e r  r a t i o s ,  t h u s  p r o v i d i n g  
s e v e r a l  p o s s i b l e  cycle  times. 

E l e v a t i o n  Bl ind  h o t  

The s o l a r  c e l l s  f o r  t h e  e l e v a t i o n  s e r v o  have  a s p a c e  i n  t h e i r  f i e l d  of 
view, s u c h  t h a t  i f  e l e v a t i o n  i s  p o i n t e d  downward, t h e  sun  a t  v e r y  h i g h  e l e v a -  
t i o n  a n g l e s  would n o t  be  a c q u i r e d .  To p r e c l u d e  t h i s ,  e l e v a t i o n  must be p o i n t e d  
upward p r i o r  t o  l a u n c h .  Another  r e q u i r e m e n t  i s  t h a t  commanded e l e v a t i o n  
sequence  must n o t  t e r m i n a t e  p o i n t e d  down. T h i s ,  a l o n g  w i t h  t h e  c o n s t r a i n t  
d i s c u s s e d  under  cam o v e r l a p ,  d i c t a t e s  t h a t  t h e  b e s t  sequence  f o r  e l e v a t i o n  
command i s  down-up-horizontal .  

Cam-Resolver Dr ive  Motor 

A s  ment ioned ,  a t i m i n g  motor d r i v e s  t h e  cam programmer,  t h e  l a u n c h - r e c o v e r y  
cam, and t h e  e a r t h  r a t e  r e s o l v e r s .  I t  i s  a c h r o n o m e t r i c a l l y  governed motor  
r u n n i n g  d i r e c t l y  from b a t t e r y  v o l t a g e .  Over a v o l t a g e  r a n g e  of 24-30 v o l t s  D C ,  
i t s  speed  r e g u l a t i o n  i s  3 , 6 0 0  rpm +0.05%. Any a t t e m p t  t o  a d j u s t  o r  measure 
t h e  speed  of t h i s  motor  should  be accompl ished  o n l y  w i t h  t e s t  i n s t r u m e n t a t i o n  
of much g r e a t e r  a c c u r a c y  t h a n  t h e  r e g u l a t i o n  of the motor  (43  p a r t s  i n  8 6 , 4 0 0 ) .  
Motor l i f e  i s  g i v e n  a s  2 ,000 h o u r s ,  and rep lacement  should  be  c o n s i d e r e d  a t  
t h i s  number of o p e r a t i n g  h o u r s .  

Bal loon  System Logic  E q u a t i o n s  

A s  a n  a i d  t o  t r o u b l e  s h o o t i n g  and u n d e r s t a n d i n g  t h e  s y s t e m  o p e r a t i o n ,  t h e  
f o l l o w i n g  l o g i c  e q u a t i o n s  a r e  g i v e n ,  a l o n g  w i t h  t h e  a b b r e v i a t i o n s  s e l e c t e d .  
I n  t h e  e q u a t i o n s ,  a n  "on" s t a t e  c o r r e s p o n d s  t o  a r e l a y  c o i l  e n e r g i z e d  and a 
s w i t c h  c l o s e d .  

A b b r e v i a t i o n s  

Modes: Launch-Recovery = LR 
S o l a r  Track  = SOLT 
S t e l l a r  Track  = ST 
Back Azimuth S o l a r  = BASOLT 
Back Azimuth S t e l l a r  = BAST 
E l e v a t i o n  Command Up = ECU 
E l e v a t i o n  Command Down = ECD 
E l e v a t i o n  Command H o r i z o n t a l  = ECH 

Launch-Recovery Cam Swi tch  = LRCS 
Time Zero  Swi tch  = TO 
Cam Motor R o t a t i n g  = CMR 
Logic C e l l  I l l u m i n a t e d  = LCI 
S t a r  T a r g e t  1 = ST1 
S t a r  T a r g e t  2 = ST2 
Relay = K 

O t h e r :  Barometr ic  Swi tch  = BS 
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I 

. L o g i c a l  and 
+ L o g i c a l  or 
- Not 

Log ic  E q u a t i o n s  

1) Launch-Recovery 

LR = K 3  = BS * LRCS TO 

where TO = CMR 

- -  
LR = K 3  

2 )  S o l a r  T r a c k  

- 
SOLT = K3 TO * K1A * K1B - K 2 B  - K2C * (K7 + K7) 

where K 7  = L C I  + K 1 B  

- - -  
K 7  = LCI * K1B 

L C I  = us 

3)  S t e l l a r  Track 

- - - -  
ST = 5 a TO * K1A - K 1 B  - K2A - K2B a K 2 C  * K5 * (K4 + E) 

where K 1 B  = K 7  

K4 = ST2 

K4 = ST1 
- 

4) Back Azimuth S o l a r  

- -  
BASOLT = E * TO e K1A * K1B a K 2 B  - K2C 

K2C = 

5)  Back Azimuth S t e l l a r  

BAST = * TO * K 1 A  K 1 B  * K2A * K2C * (K4 + K4) 
- 

where  K 1 A  = K 2 B  

6 )  E l e v a t i o n  Command Up 
- - -  - 

ECU = K3 TO - K1A * K 1 B  * K2A * K2B - K2C * K5 (K4 + z) 
7: 



Program 1: 

PRE-PROGRAMMED EXPERIMENTER'S SEQUENCES 

Mode Time i n  Mode - 

Re p e  a t  ed 
Sequence 
f o r  8 Hours 

Program 2: 

Repea ted  
Sequence 
f o r  8 Hours 

Program 3:  

Repeated 
Sequence 
f o r  8 Hours 

Launch-Recovery (Launch Phase )  
S o l a r  T r a c k i n g  
Back Azimuth ( S o l a r )  
S t e l l a r  T rack ing  ( S t a r  1) 
Back Azimuth ( S t a r  1) 
Eleva t t o n  Command Down 
E l e v a t i o n  Command Up 
E l e v a t i o n  Command H o r i z o n t a l  
Launch-Recovery (Recovery Phase )  

Launch-Recovery (Launch Phase )  
S t e l l a r  T rack ing  ( S t a r  1) 
Back Azimuth ( S t a r  1) 
S t e l l a r  T rack ing  ( S t a r  2 )  
Back Azimuth ( S t a r  2) 
E l e v a t i o n  Command Down 
E l e v a t i o n  Command Up 
E l e v a t i o n  Command H o r i z o n t a l  
Launch-Recovery (Recovery P h a s e )  

3 hour s  ( approx ima te ly )  
1/5 c y c l e  t i m e  
1/5 c y c l e  t i m e  
1/5 c y c l e  t i m e  
1/5 c y c l e  t i m e  
1/15 c y c l e  t i m e  
1/15 c y c l e  t i m e  
1/15 c y c l e  time 
1 3  h o u r s  ( approx . )  

3 h o u r s  ( a p p r o x . )  
1/5 c y c l e  t i m e  
1/5 c y c l e  t i m e  
1/5 c y c l e  time 
1/5 c y c l e  t i m e  
1/15 c y c l e  t i m e  
1/15 c y c l e  t i m e  
1/15 c y c l e  t i m e  
13 h o u r s  ( a p p r o x . )  

Launch-Recovery (Launch Phase)  3 h o u r s  ( approx . )  
S o l a r  T rack ing  2/5 c y c l e  t i m e  
Back Azimuth ( S o l a r  2/5 c y c l e  t i m e  
E l e v a t i o n  Command Down 1/15 c y c l e  t i m e  
E l e v a t i o n  Command Up 1/15 c y c l e  t i m e  
E l e v a t i o n  Command H o r i z o n t a l  1/15 c y c l e  t i m e  
Launch-Recovery (Recovery Phase )  13 hour s  ( approx . )  

FIGURE 3 



7 )  E l e v a t i o n  Command Down 

- - -  
ECD = E * TO * K1A * K1B e K2A - K2B * K2C a K 5  * K6 * (K4 + K4) 

8 )  E l e v a t i o n  Command H o r i z o n t a l  

- - - -  
ECH = K 3  * TO ' K1A . K1B K2A - K2B K2C * K 5  . K 8  * ( K 4  + 

B. S e r v o  Des ign  

In o r d e r  t o  a d e q u a t e l y  and a c c u r a t e l y  f u l f i l l  t h e  gondola  p o i n t i n g  
r e q u i r e m e n t s  a s  se t  f o r t h  by t h e  e x p e r i m e n t e r s ,  t h e  f o l l o w i n g  c o n s t r a i n t s  
were imposed on t h e  d e s i g n  of t h e  s e r v o  sys tems:  

1. The sys tem must be  c a p a b l e  o f  p o i n t i n g  t o  w i t h i n  + one d e g r e e  of 
t h e  mean s o l a r  d i s c  i n  b o t h  az imuth  and e l e v a t i o n  wh i l e  i n  t h z  s o l a r  mode. 

2 .  While  i n  t h e  s t e l l a r  mode t h e  sys tem must be  c a p a b l e  of a p o i n t i n g  
a c c u r a c y  of + t h r e e  d e g r e e s  of any  p r e - s e l e c t e d  s t e l l a r  o b j e c t .  - 

3 .  The t i m e  r e q u i r e d  t o  make a 180 d e g r e e  maneuver w i l l  be  l i m i t e d  
t o  one minute .  

4 .  The e l e v a t i o n  and az imuth  s e r v o  d r i v e  w i l l  be  r e q u i r e d  t o  o p e r a t e  
f rom e i t h e r  of two independen t  e r r o r  s o u r c e s ,  i . e . ,  t h e  s o l a r  s e n s o r  o r  t h e  
eq ua t o r i a  1 c omput e'r . 

5. The e q u a t o r i a l  computer  must have a n o r t h  r e f e r e n c e  ( F l u x g a t e  
compass o r  Magnetometer) w i t h  an  a s s o c i a t e d  i n s t r u m e n t  s e r v o  fo l low-up d r i v e .  

6 .  The v e r t i c a l  r e f e r e n c e  w i l l  be  provided  by t h e  b a l l o o n  s u s p e n s i o n  
sys t em.  

7 .  There  must be t h e  c a p a b i l i t y  of p o i n t i n g  t h e  expe r imen t  u p ,  down, 
and h o r i z o n t a l .  

8 .  The i n e r t i a  r i n g  and gondola a s s e m b l i e s  would be  decoupled  from 
t h e  b a l l o o n  s u s p e n s i o n  sys tem by means of a n  i n - l i n e  b e a r i n g .  
de t e rmined  t h a t  t h i s  assumpt ion  was n o t  v a l i d  f o r  sma l l  p o i n t i n g  e r r o r s  and 
t h e  e f f e c t  o f  t h e  s u s p e n s i o n  sys tem dynamics would have t o  be i n c l u d e d  i n  t h e  
a n a l y s i s . )  

(It was l a t e r  

Based on  t h e  above r e s t r a i n t s  coupled  w i t h  t h e  f a c t  t h a t  a c  power i s  
r e q u i r e d  on t h e  gondola  t o  s u p p l y  the  r e s o l v e r  c h a i n  i n  t h e  e q u a t o r i a l  computer ,  
t h e  d e c i s i o n  was made t o  d e s i g n  a c  s e r v o  d r i v e  sys tems f o r  b o t h  e l e v a t i o n  and 
a z i m u t h .  The a c  Servo h a s  t he  a d d i t i o n a l  advan tages  of b e i n g  e f f i c i e n t  and 
i n e x p e n s i v e .  
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The f o l l o w i n g  a n a l y s i s  i s  based o n  t h e  l a r g e  s i g n a l  c a s e  where t h e  i n - l i n e  
b e a r i n g  h a s  decoupled  t h e  shroud dynamics f rom t h e  gondola  and t h e  b e a r i n g  
f r i c t i o n  i s  n e g l i g i b l e .  From F i g u r e  6 t h e  uncompensated t r a n s f e r  f u n c t i o n  
becomes 

where fm = .001 in -oz / r ad / sec  
and J = J, + J l / N 2  = 38.0 X 

eq 

J1 = J2 = 4 . 0  f t  l b  sec2 

in -oz  s e c 2  

(Es t ima ted )  

The r e s u l t i n g  Bode p l o t  f o r  t h e  uncompensated az imuth  c o n t r o l  l o o p  i s  
s h w n  i n  F i g u r e  7 .  I t  i s  obv ious  from the  p l o t  t h a t  t h e  sys tem would b e  
l i g h t l y  damped due  t o  t h e  low phase  margin of 30°. T h e r e f o r e ,  t h e  a d d i t i o n  
of t h e  a n t i c i p a t e d  minor  loop  t achomete r  was i n c l u d e d  i n  t h e  a n a l y s i s .  I n  
o r d e r  t o  a c h i e v e  a r e a s o n a b l e  phase  margin and a t  t h e  same t ime  i n c r e a s i n g  
t h e  bandwidth and t h e  damping of t h e  sys tem,  i t  was n e c e s s a r y  t o  i n c r e a s e  
t h e  forward  loop  g a i n  by ad jus tmen t  of KSA. 
s a t e d  az imuth  s e r v o  b lock  d iagram.  

F i g u r e  8 i l l u s t r a t e s  t h e  compen- 

The minor  loop  i s  

G '  4.3 
1 + G '  H S(S/9.7 + 1)  

and t h e  major  l oop  t r a n s f e r  f u n c t i o n  

The g a i n  of t h e  forward  loop  has  been i n c r e a s e d  t o  426 and t h e  t achomete r  
o u t p u t  a m p l i f i e d  by a f a c t o r  of 42 .6 .  From t h e  open l o o p  Bode d i ag ram,  a l s o  
shown on F i g u r e  7 ,  i t  i s  observed  t h a t  t h e  sys tem now h a s  65' of phase  margin 
and t h e  c o r n e r  f r equency  h a s  been inc reased  from 2.64 r a d i a n d s e c o n d  t o  
9 . 7  r ad ians / second .  

The c l o s e d  l o o p  Bode p l o t  of t h e  compensated az imuth  s e r v o  l o o p  i s  shown 
i n  F i g u r e  9 .  

37.4 - G 
1 + GH - S z  + 9 . 7 s  + 37.4 

T h e r e f o r e  W = 6 .1  rad ians /second 
and 6 = .795 
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The s e r v o  motor  s i z e  was based on t h e  maximum power r e q u i r e m e n t s ,  
( i . e . ,  the  power r e q u i r e d  t o  overcome coulomb f r i c t i o n  i n  a d d i t i o n  t o  t i la i  
r e q u i r e d  t o  a c c e l e r a t e  t h e  l o a d  under  maximum expec ted  v e l o c i t y ) .  

where 

TSF = WT R 

Maximum r e l a t i v e  v e l o c i t y  Y 2  =..l R P M  = . l o 5  r ad / sec  
Maximum r e l a t i v e  a c c e l e r a t i o n  Y 2  = .166 r a d / s e c 2  
P t o t a l  = .311 w a t t s  o r  . 2 3  f t  l b  sec 

= 200 ( .031)  ( 3 )  (16)  = 300 i n . o z . =  1 5 2  f t  l b s  

Al lowing  s u f f i c i e n t  s a f e t y  margin  f o r  sys t em d e g r a d a t i o n  due  t o  e n v i -  
ronmenta l  c o n d i t i o n s  a c o n v e n i e n t  and r e a d i l y  a v a i l a b l e  s i z e  11 motor  was 
selected which h a s  t h e  c a p a b i l i t y  of s u p p l y i n g  .95  w a t t s  power a t  t h e  s h a f t .  

E r r o r  Source  Al lo tmen t  

I n  o r d e r  t o  a c h i e v e  a t o t a l  s y s t e m ,  s u n  p o i n t i n g  a c c u r a c y  of l ess  t h a n  
+ one  d e g r e e ,  t h e  f o l l o w i n g  e r r o r  a l l o t m e n t s  were made. - 

Source  E r r o r  ( a r c  min)  

1. E r r o r  d e t e c t o r ,  i n c l u d i n g  r e s o l u t i o n  & n u l l  s h i f t  

2 .  Gear ing  e r r o r s ,  i n c l u d i n g  f r i c t i o n  c l u t c h ,  

3. Servo  s t a t i c  e r r o r .  
4 .  Servo  random e r r o r  due t o  time & t e m p e r a t u r e  

5. Alignment e r r o r  of s u n  s e n s o r s  t o  expe r imen t  

a s  a f u n c t i o n  of t e m p e r a t u r e  & t i m e .  

gearhead  & f i n a l  b e l t  d r i v e .  

v a r i a t i o n s .  

package.  
T o t a l  r m s  E r r o r  P e r  Axis = 

1 5  

35  
10  

20 

5 
44.4 a r c  rnin 

The open loop  g a i n  i s  de termined  from t h e  motor  c h a r a c t e r i s t i c s ,  sys tem 
i n e r t i a s ,  e r r o r  d e t e c t o r  c h a r a c t e r i s t i c s  and r e q u i r e d  a c c u r a c y .  

R e f e r r i n g  t o  F i g u r e  5 t h e  uncompensated open l o o p  g a i n  i s  c a l c u l a t e d  based 
on a s t a t i c  s e r v o  e r r o r  of 10  a r c  m i n u t e s .  

TSF + N f  
K~~ = Emin KED 4 N 

= 230 v o l t s / v o l t  uncompensated 
where 

Nfg = 27 in-oz 
TSF = 300 in-oz  

Emin = 10 a r c  minutes  
KED 200 mv/degree 
KM .01575 i n - o z / v o l t  
N = 2720 

*Abbrevia t ions  a r e  shown a t  t h e  end of t h i s  s e c t i o n .  
9 



Wherea,s if no compensa t ion  were employed,  t h e  sys tem t r a n s f e r  f u n c t i o n  
would be  

G -  20.2 - 
1 + GH SL + 2.64 + 20.2 

and t h e  r e s u l t i n g  Wn = 4 . 5  r ad ians / second  w i t h  5 = .294.  

The a d d i t i o n  of t h e  t a c h o m e t e r ,  t h e r e f o r e ,  r a i s e s  t h e  bandwidth  of t h e  
sys t em by SO%, d o u b l e s  t h e  phase  margin ,  and improves t h e  damping c h a r a c t e r -  
i s t i c  t o  y i e l d  a h i g h  per formance  system. 

The e l e v a t i o n  s e r v o  sys tem was des igned  t o  have  e s s e n t i a l l y  t h e  same 
per formance  c h a r a c t e r i s t i c s  a s  t h e  az imuth  s e r v o .  The o n l y  s i g n i f i c a n t  d i f -  
ference between t h e  two d r i v e s  i s  t h a t  t h e  f i n a l  i n e r t i a  r a t i o  term i n  t h e  
az imuth  b l o c k  d iagram becomes u n i t y  f o r  t h e  e l e v a t i o n  l o o p .  The forward  loop  
a m p l i f i e r  g a i n  was reduced  by one-half  t o  compensate f o r  t h i s  term. The o n l y  
o t h e r  d i f f e r e n c e  i n  t h e  two loops  i s  t h e  r e f l e c t e d  load  i n e r t i a  term. T h i s  
d i f f e r e n c e ,  however,  becomes n e g l i g i b l e  s i n c e  t h e  r e f l e c t e d  load  i n e r t i a  
t h rough  t h e  g e a r  t r a i n  i s  o n l y  abou t  10% of t h e  motor ,  t achometer  and f i r s t  
g e a r  assembly .  

To o b t a i n  a n o r t h  r e f e r e n c e  system f o r  t h e  az imuth  c o n t r o l  l oop  a f l u x -  
g a t e  compass sys tem s i m i l a r  t o  t h a t  used i n  a i r c r a f t  was u t i l i z e d .  The f l u x -  
g a t e  compass c a n  be though t  of a s  a c o n t r o l  t r a n s m i t t e r  - c o n t r o l  t r a n s f o r m e r  
p a i r .  When t h e  c o n t r o l  t r a n s m i t t e r  ( f l u x g a t e )  i s  n o t  p h y s i c a l l y  a l i g n e d  w i t h  
magne t i c  n o r t h  a n  e l e c t r i c a l  e r r o r  s i g n a l  w i l l  be  t r a n s m i t t e d  t o  t h e  c o n t r o l  
t r a n s f o r m e r .  The c o n t r o l  t r a n s f o r m e r  t h e n  s u p p l i e s  a s e r v o  a m p l i f i e r  w i t h  an  
e r r o r  s i g n a l  which r o t a t e s  a s e r v o  motor and p o s i t i o n s  t h e  r e s o l v e r  R 4  i n  
t h e  e q u a t o r i a l  computer  and a l s o  p o s i t i o n s  t h e  mechanica l  s h a f t  o f  t h e  c o n t r o l  
t r a n s f o r m e r .  The s h a f t  w i l l  c o n t i n u e  t o  r e v o l v e  u n t i l  t h e  c o n t r o l  t r a n s f o r m e r  
i s  i n  e l e c t r i c a l  agreement  w i t h  t h e  t r a n s m i t t e r .  The mechanica l  r o t a t i o n  of 
t h e  t r a n s f o r m e r  t h e n  r e p r e s e n t s  t h e  p h y s i c a l  d e v i a t i o n  of t h e  gondola  w i t h  
r e s p e c t  t o  magnet ic  n o r t h .  S i n c e  t h e  e q u a t o r i a l  computer a n a l y s i s  i s  based 
on a t r u e  n o r t h  r e f e r e n c e  it  was n e c e s s a r y  t o  o f f s e t  t h e  mechanica l  n u l l  of 
t h e  c o n t r o l  t r a n s f o r m e r  e q u a l  t o  t h e  magnet ic  d e v i a t i o n  between t r u e  n o r t h  
and magne t i c  n o r t h  a t  t h e  expec ted  l aunch  s i t e .  Thus,  a l t h o u g h  t h e  f l u x g a t e  
s y s t e m  i s  g e n e r a t i n g  s i g n a l s  r e f e r e n c e d  t o  magnet ic  n o r t h ,  t h e  R 4  r e s o l v e r  
i s  b e i n g  p o s i t i o n e d  from t r u e  n o r t h .  It i s  t h e r e f o r e  r e q u i r e d  t o  mechanic- 
a l l y  r e - p o s i t i o n  t h e  f l u x g a t e  c o n t r o l  t r a n s f o r m e r  each  t i m e  a d i f f e r e n t  
l a u n c h  s i t e  i s  s e l e c t e d .  

The d e s i g n  of t h e  sma l l  i n s t r u m e n t  s e r v o  used i n  t h e  e q u a t o r i a l  computer 
t o  p o s i t i o n  t h e  f l u x g a t e  c o n t r o l  t r a n s f o r m e r  i s  s t r a i g h t  fo rward .  It  c o n s i s t s  
of a s i z e  11 s e r v o  motor-gearhead arrangement  w i t h  a g e a r  r a t i o  of 1 , 7 2 0 .  
The b l o c k  d iagram i s  shown i n  F i g u r e  1 0 .  No compensat ion i s  r e q u i r e d  i n  
t h i s  s e r v o  loop .  The a m p l i f i e r  g a i n  was se t  t o  135  t o  i n s u r e  f a s t  r e sponse  
a l o n g  w i t h  h i g h  a c c u r a c y .  The ou tpu t  gearhead  s h a f t  p o s i t i o n s  t h e  r o t o r  of 
t h e  f l u x g a t e  c o n t r o l  t r a n s f o r m e r  wh i l e  r o t a t i n g  t h e  r o t o r  of r e s o l v e r  R 4  t o  
i t s  n u l l  p o s i t i o n .  The e l e c t r i c a l  winding of  t h e  r o t o r  of t h e  c o n t r o l  
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t r a n s f o r m e r  now c o n t a i n s  t h e  d e s i r e d  g e n e r a t e d  a n g l e  and becomes t h e  i n p u t  
e r r o r  s i g n a l  f o r  t h e  a z i m u t h  Se rvo  d r i v e  l o o p  i n  t h e  e q u a t o r i a l  mode. The 
open l o o p  Bode d iagram for t h e  i n s t r u m e n t  s e r v o  i s  shown i n  F i g u r e  11 which  
i n d i c a t e s  a n  a d e q u a t e  p h a s e  margin  of SO0. 

The above a n a l y s i s  i s  based  on t h e  a s sumpt ion  t h a t  t h e  i n - l i n e  b e a r i n g  
T h i s  a s sumpt ion  i s  v a l i d  f o r  p o i n t i n g  a n g l e s  g r e a t e r  t h a n  h a s  b roken  away. 

+ one  d e g r e e  s ince  t h e  breakaway f r i c t i o n  of t h e  b e a r i n g  i s  t e n  i n - o z  and 
t h e  s p r i n g  r e s t r a i n t  o f  t h e  sh roud  l i n e s  when i n c l u d i n g  t h e  s p r e a d e r  r i n g  
i s  3 . 2  f t  l b s  p e r  r a d i a n .  

- 

F o r  t h e  r e g i o n  of p o i n t i n g  less t h a n  1’ however ,  t h e  i n - l i n e  b e a r i n g  
w i l l  no t  d e c o u p l e  t h e  sh roud  dynamics from t h e  gondo la ,  and t h i s  must be 
i n c l u d e d  i n  t h e  a n a l y s i s .  I t  w i l l  be shown t h a t  d u r i n g  s m a l l  a n g l e  p o i n t -  
i n g  a low f r equency  l i m i t  c y c l e  c o n d i t i o n  w i l l  e x i s t .  However, s i n c e  tk 
e x p e r i m e n t e r s  a r e  n o t  concerned  w i t h  t h e  p o i n t i n g  b e h a v i o r  a t  a n g l e s  l ess  
t h a n  l o ,  t h e r e  was no a t t e m p t  t o  e l i m i n a t e  t h i s  l i m i t  c y c l e  c o n d i t i o n .  

The f o l l o w i n g  a n a l y s i s  w i l l  d e s c r i b e  t h e  b e h a v i o r  of t h e  c o n t r o l  
s y s t e m w h e n  o p e r a t i n g  i n  t h e  s m a l l  a n g l e  r e g i o n .  F i g u r e  12  d e p i c t s  a t y p -  
i c a l  b a l l o o n  gondo la ,  i n c l u d i n g  t h e  s u s p e n s i o n ,  w i t h o u t  t h e  i n - l i n e  b e a r i n g  
which w i l l  be t h e  c a s e  f o r  s m a l l  a n g l e s .  

W r i t i n g  t h e  e q u a t i o n s  of mot ion  f o r  t h e  gondola  and s u s p e n s i o n  sys t em 

00 
one  o b t a i n s :  

and 

The t o r q u e  developed  by t h e  az imuth  s e r v o  motor  (P I )  i s  g i v e n  by t h e  f o l l o w -  
i n g  e q u a t i o n :  

0 00 
Td =UmVC- +TL where 

> 

V, = C o n t r o l  Vo l t age  

TL = T/N = R e f l e c t e d  Load Torque ;  t h e r e f o r e  

N K, V, = N Jmf /  
00 G 

+ N f m $ f m  + T 
, I I TSF, b e f o r e  breakaway 

T = j  
; T1, a f t e r  breakaway 

1 ‘1 a n d p 2  a r e  r e l a t e d  a s  f o l l o w s  I 

B (4) 



S u b s t i t u t i n g  B ( 1 )  and B(5) i n  B ( 4 )  w e  have 

and now, w r i t i n g  t h e  Lap lace  t r a n s f o r m  of e q u a t i o n s  B ( 3 )  and B(6) w e  can  
s o l v e  f o r  I/J~(s) a s  f o l l o w s :  

NKmVc (J2S2 + SFs + K )  

- CJ1J2 + (J1+J2)N2Jm]S4 + [ (J1+J2)N2fm+(J1+N2Jm)Fs]S3+[ (J1+N2Jm)K+N2fmFs]S2 
+N 2f m K s  

R e w r i t i n g  Equa t ion  B 7 ,  one o b t a i n s  the  sys tem forward loop  t r a n s f e r  f u n c t i o n  

s + N2FeqK 
Vc = KedV/e(s)  2 A 

A = J1 J2 + (J1 + J )N 
Jeq = E q u i v a l e n t  i n e r z i a  of motor and g e a r  t r a i n  

= E q u i v a l e n t  motor v i s c o u s  damping i n c l u d i n g  t a c h  f eedback  Jeq 
f e q  

The b l o c k  d iagram of t h e  sys tem is :  

S i n c e  the  sys tem h a s  u n i t y  f eedback  t h e  c l o s e d  l o o p  t r a n s f e r  f u n c t i o n  i s :  

The s t a b i l i t y  of t h e  sys tem can now be ana lyzed  by p l o t t i n g  t h e  r o o t  l o c u s  of 
t h e  c h a r a c t e r i s t i c  e q u a t i o n  of For  t h e  a n a l y s i s ,  t h e  v a l u e s  
f o r  t h e  sys tem c o n s t a n t s  were: 

Actua l  
J2 = 1 . 5  l b - f t - s e c 2  
J1 = 4.0  l b - f t - s e c  

eq  
J = 1 . 9 8  X l b - f t - s e c 2  

*Note G and G ( S )  a r e  used i rchangeab ly  i n  t h i s  r e p o r t .  39 



N = 2720 
Km = .082 X l b - f t / v o l t  

KED = .200 V/Degree 

feq = .068 X 

KS = .15 lb-f t /Ebd 
= .OS2 X 10-4 l b - f t / r a d / s e c  (Cases  1 & 2 )  

l b - f t / r a d / s e c  (Case 3 )  f e q  
Fs = 0 . 1  (Case 1) 
Fs = 1 . 0  (Cases  2 & 3)  

W r i t i n g  G ( s )  = K I G 1 ( s )  w e  have 

K' = KSA NKmKED J2 = .97 x 10-3 K~~ 
4 

s2 + 0 .67s  + 0 . 1  - 
G 1 ( S >  - SLS~+( .O3NZfeq+.22Fs)SZ + (.033+N2FeqFs>S + N2feKS 

S u b s t i t u t i n g  i n  t h e  v a l u e s  f o r  FS and f 
shown i n  F i g u r e s  13 and 14. 

g i v e n  above ,  w e  have t h e  r o o t  l o c i  eq 

We see t h a t  f o r  low v a l u e s  of  s u s p e n s i o n  damping t h e  sys tem c a n  be 
u n s t a b l e ,  a s  t h e  r o o t  l o c u s  w i l l  be on t h e  r i g h t  h a l f  p l a n e .  

I n c r e a s e d  shroud damping h a s  t h e  g r e a t e s t  e f f e c t  on s t a b i l i t y ,  a s  i t  moves 
t h e  z e r o s  o f f  t h e  i n a g i n a r y  a x i s  and i n t o  t h e  l e f t  h a l f  p l a n e .  A l s o ,  t h e  e f f e c t  
of t a c h  feedback  i s  t o  move t h e  p o l e  on t h e  r e a l  a x i s  f u r t h e r  t o  t h e  l e f t ,  t h u s  
a l s o  a i d i n g  s t a b i l i t y .  

A b b r e v i a t i o n s :  

TSF - Azimuth b e a r i n g  s t a t i c  f r i c t i o n  
WT - Weight o f  Gondola 
n - Azimuth b e a r i n g  c o e f f i c i e n t  of f r i c t i o n  
R - Radius of lower  gondola  b e a r i n g  
$ 2  - V e l o c i t y  of gondola  r e l a t i v e  t o  i n e r t i a  r i n g  
\y2 - A c c e l e r a t i o n  of gondola  r e l a t i v e  t o  i n e r t i a  r i n g  

f g  - S t a t i c  f r i c t i o n  of gea rhead  
KED - E r r o r  d e t e c t o r  g a i n  
KSA - S e r v o  a m p l i f i e r  g a i n  
N - Gear r a t i o  2720 
fm - Servo  motor = .001 oz - in / r ad / sec  
J1 - I n e r t i a  of gondola  4 .0  s l u g  f t 2  
J2 

K - Shroud l i n e  s p r i n g  c o n s t a n t  = 3 . 2  f t  l b / r a d  
Td - Motor deve loped  t o r q u e  
K, - Motor t o r q u e  c o n s t a n t  
Vc - Vol tage  a p p e a r i n g  a t  i n p u t  of motor  
J m  - Servo  motor i n e r t i a  

.. 

- I n e r t i a  of  r e a c t i o n  mass 4 . 0  s l u g  € t 2  
Shroud l i n e  c o e f f i c i e n t  of v i s c o u s  f r i c t i o n  = .04 f t  l b / r a d / s e c  
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FIGURE 12 BALLOON GONDOLA 
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C .  E q u a t o r i a l  Computer 

I n t r o d u c t i o n :  A c e l e s t i a l  t r a c k e r  on t h e  e a r t h ' s  s u r f a c e  must comperi- 
s a t e  f o r  t h e  e a r t h ' s  r o t a t i o n a l  motion.  The a n g u l a r  c o o r d i n a t e s  d e f i n i n g  t h e  
g e o g r a p h i c a l  l o c a t i o n  of t h e  t r a c k e r  and t h e  c e l e s t i a l  l o c a t i o n  of t h e  t a r g e t ,  
d e t e r m i n e  sets of v e c t o r  components t h a t  v a r y  a s  t h e  e a r t h  r o t a t e s .  Reso lv ing  
a v e c t o r  i n t o  i t s  components w i t h  e l e c t r i c a l  i n d u c t i o n  r e s o l v e r s  t h a t  a r e  set  
w i t h  t r a c k e r  and t a r g e t  c o o r d i n a t e s  and r o t a t e d  a t  e a r t h ' s  r a t e  by a p r e c i s i o n  
t i m i n g  motor  p r o v i d e s  az imuth  and e l e v a t i o n  a n g l e s  n e c e s s a r y  t o  t r a c k  t h e  
t a r g e t .  The computer  under  d i s c u s s i o n  u t i l i z e s  a b o o s t e r l e s s  r e s o l v e r  t r a i n  
f o r  t h e  r e s o l u t i o n  of v e c t o r  components and a p r e c i s i o n  t i m i n g  motor  t o  gen-  
e r a t e  t h e  e a r t h ' s  r o t a t i o n  compensat ion.  

p o s i t i o n  of  a c e l e s t i a l  p o i n t  may be de t e rmined  by r e s o l u t i o n  of a v e c t o r ,  
r e p r e s e n t i n g  t h e  c e l e s t i a l  p o i n t  i n  e a r t h  c o o r d i n a t e s  i n t o  i t s  components i n  
gondola  c o o r d i n a t e s .  See  F i g u r e  1 5 .  From F i g u r e  1 5  i t  can  be s e e n  t h a t  t h e  
u n i t  v e c t o r  $2 p o i n t s  t o  t h e  L e l e s t i a l  p o i n t  i n  q u e s t i o n .  The problem t h e n  
i s  t o  f i n d  t h e  components of e2  i n  the  Zi (i = 1 , 2 , 3 )  c o o r d i n a t e  sys tem.  
t h e s e  components (Z1Z2Zg) a r e  known, t h e  az imuth  and e l e v a t i o n  a n g l e  may be 
de t e rmined  a s  f o l l o w s :  

A n a l y s i s :  The ax imuth  and e l e v a t i o n  a n g l e s  Y , 8 t h a t  d e f i n e  t h e  

When 

$f = t an -1  ~ 3 / ~ 1  c1 

8 = t a n - 1  z ~ / ( z , ~  + z 2 2 ) +  c 2  

The components a t T 2  i n  t h e  Z i  c o o r d i n a t e  sys tem may be de termined  by a series 
of  o r t h o g o n a l  r o t a t i o n a l  t r a n s f o r m a t i o n s  from a n  i n e r t i a l  r e f e r e n c e  t o  t h e  
gondola  r e f e r e n c e .  The i n e r t i a l  r e f e r e n c e  sys tem c2 d3 is  d e s c r i b e d  a s  
f o l l o w s :  
e a r t h  and d ive r t ed  toward t h e  c e l e s t i a l  p o i n t  i n  q u e s t i o n ,  el i s  a u n i t  b a s e  
v e c t o r  o r i g i n a t i n g  a t  t h e  c e n t e r  of  mass of t h e  e a r t h  p e r p e n d i c u l a r  t o  and 
i n  t h e  p l a n e  formed by and t h e  e a r t z s  s p i n  a x i s ,  e3 = el X e2.  To d e t e r m i n e  
t h e  components Z1z2Z3 of  ?2 i n  t h e  Z 1  c o o r d i n a t e  sys tem r o t a t e  a b o u t  e3 t h rough  
t h e  a n g l e  6 t o  o b t a i n  t h e  c o o r d i n a t e  sys tem ~ 1 x 2 ~ 3 .  

-L e2  i s  a u n i t  base  v e c t o r  o r i g i n a t i n g  a t  t h e  c e n t e r  of mass of t h e  
z 

& - L A  

A&& 

A 21 = 8' cos6 + d 
2 2  - - ;e1 s in6  + & cos6 
x3 = e3 

s i n 6  

o r  i n  m a t r i x  form 
cos6 s i n 6  

c3 

now r o t a t e  about  
y2y3 
& 4. 

I O 1J & 

x1 th rough  t h e  a n g l e  t o  o b t a i n  t h e  c o o r d i n a t e  sys tem y 1 

- A  

- 4  A 
Y 1  = x1 
y 2  = x2  cos6 - x3 s i n e  
y3 = x 2  s i n @  + T 3  COS@ 
A -  

o r  i n  m a t r i x  form 
0 

o r  i n  m a t r i x  form 
0 

c4 

15 



a *A F i n a l l y  r o t a t i n g  abou t  5 t h r o u g h  t h e  a n g l e  L t h e  Z1Z2Z3 c o o r d i n a t e  sys tem 
i s  o b t a i n e d .  

t h e  
T h i s  i s  t h e  gondola  c o o r d i n a t e  sys t em,  and t h e  magni tude  of 

i t s  components 
expe r imen t  C 1  and C2).  

d e t e r m i n e  t h e  az imuth  and e l e v a t i o n  i n  a n g l e s  of 

rL - 
cos  L - y 2  s i n  L 

2, = y 1  s i n  L + 72 c o s  L 
2, =y1 
23 = Y3 

c5 A 

i n  m a t r i x  form 

0 

The components of t h e  s t a r  u n i t  v e c t o r  on t h e  f i n a l  r e f e r e n c e  sys tem become: 

c o s  L - s i n  L 0 0 0 s i n 6  0 
[::]=[sin L cos L 0 1  1: cos@ - s i n @  ][Ii:f.6 cos6 0 0 1  1 I!:] C6 

  cos^ s i n 6  c o s g [  cos6 - s i n e  J I!:] c7 

0 0 1 - o si& cosP - - z3 

cos6 s i n 6  0 

0 - s i n $  s i n 6  s i n e  cos6 cos@ 

c o s  L + s i n  L cose  s i n 6  c o s  L s i n 6  - s i n  L cos@ 
- s i n  L cosf3 s i n 6  s i n  L s i n 6  + c o s  L cosp 

- 

s i n e  cos6 cosp  

As can  be c l e a r l y  seen, t h e  components of t h e  s t a r  u n i t  v e c t o r  i n  t h e  i n e r t i a l  
c o o r d i n a t e  system a r e  

el  = 0 
e2  = 1 
e3 = 0 

The s i g n i f i c a n c e  of t h e  a n g l e s  6 ,  e and L c a n  be s e e n  from F i g u r e  15 .  
6 i s  t h e  d e c l i n a t i o n  of t h e  c e l e s t i a l  t a r g e t .  P i s  made up of t h e  r i g h t  
a s c e n s i o n  of t h e  t a r g e t  c y ,  t h e  Green ich  hour  a n g l e  t o  Aries  GHAy, t h e  l o n g i -  
t u d i n a l  p o s i t i o n  of t h e  t r a c k i n g  d e v i c e  I ,  and t h e  e a r t h ' s  s p i n  r a t e ,  w e .  
From t h e  s k e t c h  below i t  can  be s e e n  

B = C Y  - (A + w e t )  
w e t  = GHAy 

E s s e n t i a l l y ,  P is t h e  a n g l e  between t h e  s t a r  m e r i d i a n  and t h e  b a l l o o n  m e r i d i a n  



Pr ime Mer id i  
(Greenwich) 

Ba 1 1 oo n a n  M e  ri d i a n 

B = - tr.uet> 

and f i n a l l y ,  L i s  t h e  l a t i t u d e  of t h e  t r a c k i n g  d e v i c e .  
Then 

z1 = c o s  L s i n  6 - s i n  L cos  B cos  6 

z 3  = s i n  P c o s  6 
z 2  = s i n  L s i n  6 + c o s  L cos  P c o s  6 c9 

Mechaniza t ion :  Equa t ion  C 9  can  be mechanized w i t h  a s e r i e s  of a .c . i n d u c t i o n  
r e s o l v e r s .  I n d u c t i o n  r e s o l v e r s  a r e  e s s e n t i a l l y  computing t r a n s f o r m e r s  w i t h  
r o t a t i n g  o r t h o g o n a l  p r i m a r i e s  ( o r  s e c o n d a r i e s ) .  The e q u a t i o n s  r e l a t i n g  o u t -  
p u t  t o  i n p u t  of a t y p i c a l  r e s o l v e r  are shown below 

ES1 = EP1 c o s  $I - EP2 s i n  ($ 
ES2 = EP1 s i n  @ + EP2 cos  @ 

By combining t h e  r e s o l v e r s  a s  shown i n  F i g u r e  16 t h e  a p p r o p r i a t e  components 
can  be deve loped  i n  terms of v o l t a g e s .  The o u t p u t  v o l t a g e s  can  be s e e n  t o  
c o r r e s p o n d  w i t h  Equa t ion  C9 by making t h e  p r o p e r  s u b s t i t u t i o n s .  R e s o l v e r s  
4 and 5 a r e  used i n  a n  a p p l i c a t i o n  d i f f e r e n t  t h a n  shown i n  t h e  above s k e t c h .  
I n  t h e  c a s e  of  R 4  and R5 t h e  o u t p u t  d r i v e s  a s e r v o  motor  which p o s i t i o n s  t h e  
r e s o l v e r  motor  u n t i l  one o u t p u t  i s  z e r o .  A t  t h i s  p o s i t i o n ,  t h e  o t h e r  r o t o r  
b e i n g  90' away, h a s  maximum coup l ing  w i t h  t h e  f l u x  v e c t o r  formed by t h e  i n p u t s  
(V5,Vg,V7,V8). I ts  o u t p u t  i s  t h e r e f o r e  p r o p o r t i o n a l  t o  t h e  v e c t o r  sum of t h e  
two i n p u t s .  The r o t o r  a n g u l a r  p o s i t i o n  i s  t h e  a n g l e  between one l e g  and t h e  
hypotenuse  of t h e  t r i a n g l e .  These a r e  t h e  a n g l e s v  and 8 t h a t  a r e  r e q u i r e d  

17 



t o  p o i n t  t h e  e x p e r i m e n t  t o  t h e  c e l e s t i a l  t a r g e t .  
t h e s e  a n g l e s  t o  s i g n a l s  f o r  t h e  s e r v o  a m p l i f i e r s  i s  d i s c u s s e d  i n  t h e  s e c t i o n  
on servo l o o p  d e s i g n .  

The problem of c o n v e r t i n g  

D .  Sun S e n s o r  

The s u n  t r a c k e r  p o r t i o n  of  t h e  Bal loon  S o l a r  O b s e r v a t o r y  s y s t e m  is  
comprised of  t h r e e  major  s u b d i v i s i o n s :  s u n  p r e s e n c e ,  e l e v a t i o n ,  and a z i m u t h .  
Each s u b d i v i s i o n  c o n s i s t s  of  a n  a p p r o p r i a t e  s u n  s e n s o r  and i t s  a s s o c i a t e d  
e l e c t r o n i c s  . 

The sun  p r e s e n c e  p o r t i o n  of  t h e  sun  t r a c k e r  i s  used t o  i n s u r e  t h a t  
t h e  e l e v a t i o n  d r i v e  c i r c u i t r y  i s  a c t i v a t e d  o n l y  when t h e  az imuth  i s  p o i n t i n g  
a t  t h e  s u n  w i t h i n  l S O ,  t h u s  p r e v e n t i n g  t h e  e l e v a t i o n  d r i v e  from t r a c k i n g  t h e  
s u n  p r i o r  t o  p r o p e r  az imuth  a c q u i s i t i o n .  T h i s  i s  accompl ished  by u s i n g  a 
p h o t o v o l t a i c  s o l a r  c e l l  which i s  s h i e l d e d  t o  a l l o w  a n  o u t p u t  o n l y  when i t  i s  
p o i n t i n g  a t  t h e  sun  w i t h i n  15' i n  az imuth  (see F i g u r e  1 7 ) .  The e l e v a t i o n  
a n g l e  meanwhile c a n  be a n y t h i n g  from z e r o  t o  8 5  d e g r e e s .  The s u n  p r e s e n c e  
assembly i s  mounted on t h e  gondola  p o i n t i n g  forward  (see F i g u r e  2 0 ) .  The 
o u t p u t  from t h e  s o l a r  c e l l  i s  used t o  d r i v e  a m i c r o p o s i t i o n e r  r e l a y  which i n  
t u r n  a p p r o p r i a t e l y  a c t i v a t e s  t h e  e l e v a t i o n  c i r c u i t s .  S i n c e  t h e  s o l a r  c e l l  
i s  wired  d i r e c t l y  t o  t h e  m i c r o p o s i t i o n e r  r e l a y  and s i n c e  t h e  i n p u t  r e s i s t a n c e  
of t h e  m i c r o p o s i t i o n e r  i s  50 ohms, t h e  s o l a r  c e l l  i s  b e i n g  o p e r a t e d  i n  i t s  
s h o r t  c i r c u i t  mode. In t h i s  mode of  o p e r a t i o n  t h e  c u r r e n t  a v a i l a b l e  from 
t h e  c e l l  i s  about  twice  t h e  minimum and a p p r o x i m a t e l y  one q u a r t e r  o f  t h e  
maximum amount f o r  which t h e  m i c r o p o s i t i o n e r  was d e s i g n e d ,  t h u s  i n s u r i n g  
p o s i t i v e  o p e r a t i o n  w i t h o u t  o v e r  d r i v i n g  t h e  c i r c u i t .  

The e l e v a t i o n  p o r t i o n  of  t h e  sun  t r a c k e r  c o n s i s t s  of two matched 
p h o t o v v l t a i c  c e l l s  mounted on a 6' wedge which i s  l o c a t e d  on t h e  camera 
mounting p l a t e  (see F i g u r e s  18 & 2 0 ) .  When t h e  wedge a p e x  p o i n t s  a t  t h e  
s u n ,  t h e  c e l l s  a r e  i l l u m i n a t e d  e q u a l l y  and g e n e r a t e  e q u a l  v o l t a g e s .  S i n c e  
t h e s e  v o l t a g e s  a r e  s u b t r a c t e d ,  a n u l l  v o l t a g e  e x i s t s  a t  t h i s  t i m e .  T h i s  
D.C .  d i f f e r e n c e  v o l t a g e  i s  a m p l i f i e d  by a Burr-Brown a m p l i f i e r  and chopped 
a t  a 400 c p s  r a t e  by a s o l i d  s t a t e  micro-chopper .  The g a i n  of t h e  Burr-  
Brown a m p l i f i e r  i s  a d j u s t e d  t o  g i v e  a g a i n  from s u n  a n g l e  t o  t h e  o u t p u t  of  
t h e  s u n  t r a c k e r  e l e c t r o n i c s  of  200 Mv/degree, i n  o r d e r  t o  i n s u r e  a p o i n t i n g  
a c c u r a c y  of lo. 
changes  i n  r e q u i r e m e n t s  s imply  by changing  t h e  v a l u e s  of s e v e r a l  components.  
The a m p l i f i e r  v o l t a g e  o u t p u t  i s  l i m i t e d  t o  +3 v o l t s  and t h e  a s s o c i a t e d  c i r -  
c u i t s  a r e  s i z e d  t o  l i m i t  t h e  o u t p u t  c u r r e n t - t o  f o u r  m i l l i a m p s .  
i n s u r e s  t h a t  t h e  a m p l i f i e r  i s  b e i n g  o p e r a t e d  a t  a maximum power l e v e l  of 
o n l y  60% of  i t s  r a t e d  power h a n d l i n g  c a p a c i t y .  

The g a i n  of  t h i s  c i r c u i t  c a n  be v a r i e d  w i d e l y  t o  meet 

T h i s  

The azimuth s u n  t r a c k e r  h a s  two sets of  matched p h o t o v o l t a i c  c e l l s  
w i t h  e a c h  of t h e  sets b e i n g  mounted on a s e p a r a t e  wedge. The two wedges 
a r e  mounted on t h e  gondola  w i t h  one wedge p o i n t i n g  forward  and one  a f t .  
Each az imuth  wedge assembly  c o n s i s t s  of  two p h o t o v o l t a i c  c e l l s  mounted on 
a 6' wedge. When t h i s  wedge p o i n t s  a t  t h e  s u n  t h e  c e l l s  a r e  e q u a l l y  i l l u -  
minated and t h e r e f o r e  g e n e r a t e  e q u a l  v o l t a g e s .  However, s i n c e  t h e  az imuth  
wedges a r e  mounted o n  t h a t  p a r t  of t h e  gondola  which d o e s  n o t  move i n  e le -  
v a t i o n ,  t h e  azimuth wedge h a s  t o  p o i n t  a t  t h e  s u n ' s  p o s i t i o n  i n  a z i m u t h  
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when t h e  s u n  h a s  any p o s i t i o n  i n  e l e v a t i o n  from z e r o  t o  a p p r o x i m a t e l y  80 
d e g r e e s ,  depending  on t h e  l a t i t u d e ,  t h e  t i m e  of d a y ,  and t h e  time of y e a r .  
In o r d e r  t o  minimize t h e  e f f e c t  of t h e  s u n ' s  e l e v a t i o n  p o s i t i o n  on t h e  a z i -  
muth t r a c k e r  o u t p u t ,  t h e  az imuth  wedge was des igned  so  t h a t  i t  a lways  p o i n t s  
a t  45' i n  e l e v a t i o n  ( s e e  F i g u r e s  19 & 2 0 ) .  

The forward  and a f t  p o i n t i n g  az imuth  wedges a r e  p h y s i c a l l y  and 
e l e c t r i c a l l y  i d e n t i c a l .  
g i v e  t h e i r  d i f f e r e n c e  v o l t a g e ,  and these d i f f e r e n c e s  v o l t a g e s  a r e  added 
p r i o r  t o  amp1 i f  i c a  t i o n .  

The c e l l s  on each  wedge a r e  wi red  t o  each  o t h e r  t o  

In t h e  forward  p o i n t i n g  p o r t i o n  of t h e  s o l a r  mode, t h e  az imuth  
motor  i s  a r r a n g e d  t o  d r i v e  i n  a coun te rc lockwise  d i r e c t i o n  w i t h  a p o s i t i v e  
e r r o r  s i g n a l .  If t h e  forward wedge i n  F i g u r e  19  i s  wired  t o  produce a p o s i -  
t i v e  v o l t a g e  when c e l l  number two i s  i l l u m i n a t e d  more t h a n  c e l l  t h r e e ,  and 
i f  t h e  a f t  wedge p roduces  a p o s i t i v e  v o l t a g e  when c e l l  number one i s  i l l u -  
mina ted  more t h a n  c e l l  f o u r ,  t h e n  t h e  o n l y  s t a b l e  n u l l  i s  w i t h  t h e  forward  
wedge p o i n t i n g  a t  t h e  sun .  

The a f t  p o i n t i n g  p o r t i o n  of t h e  s o l a r  mode i s  s e l e c t e d  by r e v e r s i n g  
t h e  d i r e c t i o n  of t h e  motor f o r  a p o s i t i v e  e r r o r  s i g n a l .  The o n l y  s t a b l e  
n u l l  under  t h e s e  c o n d i t i o n s  i s  w i t h  t h e  a f t  wedge p o i n t i n g  a t  t h e  sun .  

The d i f f e r e n c e  v o l t a g e s  from t h e  az imuth  wedges a r e  a m p l i f i e d  by 
a Burr-Brown a m p l i f i e r  and t h e  remainder  of t h e  c i r c u i t r y  i s  i d e n t i c a l  w i t h  
t h a t  i n  t h e  e l e v a t i o n  p o r t i o n  of t h e  t r a c k e r .  O f f s e t  b i a s  c i r c u i t s  a r e  
i n c l u d e d  i n  t h e  e l e c t r o n i c s  t o  ba l ance  t h e  o u t p u t  f rom t h e  sys tem a f t e r  
f i n a l  assembly .  
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FIGURE 15. STAR/BALLOON COORDINATE TRANSFORMATION 
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Iv. S t r u c t u r a l  Mechanical  Des ign  

1. S t r u c t u r a l / T h e r m a l  Des ign  O b j e c t i v e s  

The b a s i c  s t r u c t u r a l  d e s i g n  c r i t e r i a  f o r  t h e  Ba l loon  S o l a r  Observa-  
t o r y  Gondola i s  d e s c r i b e d  i n  Pa rag raphs  "A" t h r o u g h  "B" below. The s o u r c e s  
f o r  e s t a b l i s h i n g  t h i s  c r i t e r i a  a r e :  (1) Experiment  r e q u i r e m e n t s ,  (2 )  
M i s s i o n  envi ronment  r e s t r a i n t s ,  and ( 3 )  Suppor t  equipment  ( C o n t r o l ,  r e c o r d -  
i n g ,  and power s t o r a g e  equipment )  r e q u i r e m e n t s .  

A .  C o n f i g u r a t i o n  C r i t e r i a  

The b a s i c  d imens iona l  c o n s t r a i n t s  p l a c e d  on t h e  d e s i g n  of t h e  
Gondola s t r u c t u r e  were de te rmined  from t h e  f o l l o w i n g  expe r imen t  c o n s i d e r a t i o n s :  

(1) The expe r imen t  i n s t rumen t  t o  be c a r r i e d  on t h e  Gondola 
w i l l  occupy 1 c u b i c  f o o t  of volume. 

( 2 )  The expe r imen t  i n s t r u m e n t  must have  freedom of r o t a t i o n  
a b o u t  t h e  h o r i z o n t a l  and v e r t i c a l  axes  o f ' t h e  gondo la .  

( 3 )  A l l  s u p p o r t  equipment s h a l l  n o t  occupy more t h a n  a n  
a d d i t i o n a l  4 c u b i c  f e e t  and must be housed w i t h i n  t h e  p r o t e c t i v e  c o n f i n e s  
of  a s t r u c t u r a l  hous ing .  Based on  t h e  above s t i p u l a t i o n s ,  a n  o v e r a l l  
d i m e n s i o n a l  enve lope  (beyond which the  gondola  s t r u c t u r e  was no t  t o  exceed) 
of 30 i n c h e s  i n  h e i g h t ,  30 i n c h e s  i n  l e n g t h ,  by 20 i n c h e s  i n  w i d t h  was 
e s t a b l i s h e d .  

B. S t r e n g t h  and R i g i d i t y  

I n  a d d i t i o n  t o  s t a y i n g  w i t h i n  t h e  enve lope  d imens ions  s t i p u -  
l a t e d  a b o v e ,  t h e  gondola  must be capab le  of  s u s t a i n i n g  i t s  own w e i g h t ,  t h e  
w e i g h t  of t h e  expe r imen t  i n s t r u m e n t  and t h e  w e i g h t  of  a l l  s u p p o r t  equipment  
packages  i n  a b a l l o o n  l i f t - o f f  and p a r a c h u t e  d r o p  t y p e  envi ronment  ( h i g h  
acceleration/deceleration). The exper iment  i n s t r u m e n t  was e s t i m a t e d  t o  
weigh 100  l b s .  The s u p p o r t  equipment and gondola  s t r u c t u r e  weight  was n o t  
t o  exceed  250 l b s .  The l a n d i n g  impact  envi ronment  was e s t i m a t e d  t o  b e  
7 " G ' s ' ' .  F o r  c o n s e r v a t i s m  an  a d d i t i o n a l  3 " G ' s "  h a s  been added t o  a r r i v e  
a t  t h e  t o t a l  s t r u c t u r a l  envi ronmenta l  f a c t o r  o f  10 " G ' s " .  Thus t h e  s t r e n g t h  
c r i t e r i a  of t h e  p r imary  gondola  s t r u c t u r e  was e s t a b l i s h e d  such  t h a t  a l l  
components of  t h e  p r imary  s t r u c t u r e  s h a l l  be  des igned  t o  w i t h s t a n d  t h e  t o t a l  
pay load  we igh t  of 350 I b s .  m u l t i p l i e d  by a l o g  env i ronmen ta l  f a c t o r  o r  
3500 l b s .  

The r equ i r emen t  f o r  r i g i d i t y  was n o t  d e f i n e d  i n  terms of 
s t r u c t u r a l  n a t u r a l  f r e q u e n c y ,  b u t  i t  was s t i p u l a t e d  t h a t  t h e  s t r u c t u r e  
s h a l l  be s u f f i c i e n t l y  r i g i d  t o  i n s u r e  no a m p l i f i c a t i o n  of  s m a l l  d i s t u r b a n c e  
f o r c e s  impar t ed  by t h e  c o n t r o l  system o r  t h e  exper iment  i n s t r u m e n t .  T h i s  
s t i p u l a t i o n ,  w i t h o u t  a c a l l - o u t  f o r  s t r u c t u r a l  n a t u r a l  f r e q u e n c y ,  was no t  
u n r e a s o n a b l e  s i n c e  t h e  gondo la ,  suspended from a b a l l o o n  a t  150 ,000  f e e t ,  
w i l l  be o p e r a t i n g  i n  a q u a s i - s t e a d y  s t a t e  envi ronment  ( a p p r e c i a b l y  no 
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e x t e r n a l  fo ' r ces  a c t i n g  on t h e  gondola  t o  exc i te  v i b r a t i o n ) .  Al though h i g h  
f r e q u e n c y  v i b r a t i o n s  induced by t h e  c o n t r o l  sys tem c o u l d  s e r i o u s l y  deg rade  
p o i n t i n g  a c c u r a c y ,  i n  t h e  c a s e  of BSO t h e  e f f e c t s  on t h e  p o i n t i n g  r e q u i r e -  
ment a r e  n e g l i g i b l e .  T h e r e f o r e ,  t h e  pr imary  s t r e n g t h  c o n s i d e r a t i o n  was t h e  
minimum s t r u c t u r a l  we igh t  commensurate w i t h  t h e  r e q u i r e d  s t r u c t u r a l  s t r e n g t h .  

C .  S t r u c t u r a l  Weight & I n e r t i a  

From t h e  t o t a l  payload  weight  of 350 l b s . ,  an a l l o t m e n t  of  70 
l b s .  was made f o r  t h e  gondola  s t r u c t u r e ;  however,  because  of  t h e  mode of  
o p e r a t i o n  of t h e  c o n t r o l  sys t em,  t h e  weight  of a n  i n e r t i a  r i n g  ( t o  e s t a b l i s h  
c o u n t e r  r o t a t i n g  t o r q u e )  i s  a l s o  inc luded  i n  t h e  70 l b .  a l l o t m e n t .  From 
c o n t r o l  c o n s i d e r a t i o n s  i t  was d e s i r a b l e  t o  have t h e  i n e r t i a  of t h e  r i n g  
& t c h  o r  exceed t h e  i n e r t i a  p r o p e r t i e s  of  t h e  loaded  gondo la .  A s  a wors t  
c a s e  t h e  r i n g  i n e r t i a  shou ld  n o t  be l e s s  t h a n  one-ha l f  t h e  i n e r t i a  of t h e  
loaded  gondola  (two t o  one mismatch) .  
d imens ions  and w e i g h t s  f o r  an  i n e r t i a  r i n g ,  i t  was d i c t a t e d  t h a t  t h e  moment 
of i n e r t i a  of t h e  loaded  gondola  s h a l l  no t  exceed 5 s l u g  f t 2 .  
t h i s ,  a n  a l l o t m e n t  of 20 l b s .  was made f o r  t h e  i n e r t i a  r i n g  and a maximum 
p r a c t i c a l  r i n g  d i a m e t e r  of 4 f e e t  was s t i p u l a t e d .  Thus t h e  we igh t  o b j e c t i v e  
f o r  t h e  gondola  s t r u c t u r e  s h a l l  be 50 l b s .  

I n  a n  e f f o r t  t o  e s t a b l i s h  p r a c t i c a l  

Based on 

D.  Mechanical Concept  of Opera t ion  

A s  mentioned i n  Paragraph  C above ,  t h e  gondola  c o n t r o l  system 
r e q u i r e s  a n  i n e r t i a  r i n g ,  o r  w h e e l ,  t o  p r o v i d e  c o u n t e r  r o t a t i n g  t o r q u e .  
T h e r e f o r e  t h e  mechanica l  d e s i g n  o b j e c t i v e  i s  t o  d i r e c t l y  c o u p l e  t h e  i n e r t i a  
r i n g  t o  t h e  c o n t r o l  sys tem such  t h a t  t h i s  i n e r t i a  r i n g  a b s o r b s  t h e  c o n t r o l  
motor  r e a c t i o n  t o r q u e .  

E .  Shock M i t i g a t i o n  

A t  t h e  comple t ion  of t h e  exper iment  m i s s i o n ,  t h e  gondola  w i l l  
be r e l e a s e d  from t h e  b a l l o o n  w i t h  the d e s c e n t  c o n t r o l l e d  by a 28 '  p a r a c h u t e .  
With a 350 l b  payload  t h e  p a r a c h u t e  h a s  an  a v e r a g e  drop  v e l o c i t y  of 5 f e e t /  
second.  The d e s i g n  o b j e c t i v e  i s  t h e r e f o r e  t o  p r o v i d e  shock m i t i g a t i o n  
m p t e r i a l  a t  t h e  base  of t h e  gondola t o  a b s o r b  t h e  impact  ene rgy  on l a n d i n g  
and t h u s  p r e s e r v e  s e n s i t i v e  exper iment  equipment and s u p p o r t  equipment 
packages  from s e v e r e  shock .  

F.  Thermal C o n t r o l  

The t e m p e r a t u r e  environment  a t  130 ,000  f e e t  ( t h e  m i s s i o n  a l t i -  

3 t u d e )  i s  +20°F and i n  i t s e l f  does  n o t  pose  any  s e v e r e  thermal  p rob lems ;  
however ,  a t  t h i s  a l t i t u d e  t h e  d e n s i t y  of t h e  a i r  i s  low ( l .06X10-41b/f t  
and e f f e c t s  from convec t ion  h e a t  t r a n s f e r  a r e  t h e r e f o r e  n e g l i g i b l e .  The 
c o o l i n g  of components must be p r i m a r i l y  by conduc t ion  and r a d i a t i o n .  Su f -  
f i c i e n t  i n s u l a t i o n  o v e r  t h e  e x t e r n a l  f a c e s  of t h e  gondola  w i l l  a l s o  be 
r e q u i r e d  a s  a t he rma l  b a r r i e r  a g a i n s t  e a r t h  a l b e d o  and d i r e c t  s o l a r  r a d i a -  
t i o n .  T h i s  i n s u l a t i o n  w i l l  i n c r e a s e  t h e  thermal  l a g  of t h e  gondola  and i s  
e s p e c i a l l y  i m p o r t a n t  d u r i n g  t h e  a s c e n t  t o  a l t i t u d e  phase  of t h e  m i s s i o n .  
Dur ing  a s c e n t  t h e  gondola  m u s t  pas s  th rough  a -60°F a i r  t e m p e r a t u r e  zone 
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(from 40,000 f t  t o  85,000 f t ) .  
maximum t h e r m a l  p r o t e c t i o n  a t  a l t i t u d e  and t o  p r o v i d e  t h e  minimum temperature 
e x c u r s i o n  commensurate w i t h  i n s u l a t i o n  w e i g h t ,  d u r i n g  gondola  a s c e n t .  

The t h e r m a l  d e s i g n  o b j e c t i v e  was t o  p r o v i d e  

I 2 .  S t r u c t u r a l  Des ign  

A b a s i c  o p e r a t i o n a l  scheme was developed  which enhanced t h e  o p e r a -  
t i o n  of  t h e  c o n t r o l  sys tem and t h e  s u r v i v a l  of t h e  equipment ,  t h e  exper iment  
and t h e  gondola  s t r u c t u r e  d u r i n g  t h e  l a n d i n g  impact  envi ronment .  T h i s  scheme 
a s  d e p i c t e d  i n  assembly  drawing  F i g u r e  21, c o n s i s t e d  of  t h e  d e s i g n  and math- 
e m a t i c a l  i n t e g r a t i o n  of t h r e e  s e p a r a t e  s t r u c t u r a l / m e c h a n i c a l  a s s e m b l i e s .  
The f i r s t  assembly i s  t h e  Gondola s t r u c t u r e  which h o u s e s  t h e  s u p p o r t  e q u i p -  
ment and t h e  exper iment  i n s t r u m e n t .  The second assembly i s  t h e  mast  assem- 
b l y  which s u p p o r t s  t h e  gondola  and a b o u t  which t h e  gondola  r o t a t e s .  The 
t i p  of t h i s  mast assembly  i s  a t t a c h e d  t o  t h e  b a l l o o n  v i a  t h e  p a r a c h u t e  l i n e s .  
The t h i r d  assembly  i s  t h e  i n e r t i a / i m p a c t  r i n g  assembly .  T h i s  assembly  p r o -  
v i d e s  t h e  c o u n t e r  r o t a t i n g  t o r q u e  r e q u i r e d  by t h e  c o n t r o l  system and i s  
c a p a b l e  of a b s o r b i n g  a l a r g e  p e r c e n t a g e  of t h e  l a n d i n g  impact  e n e r g y .  The 
i n e r t i a / i m p a c t  r i n g  s t r u c t u r e  i s  b o l t e d  t o  t h e  b a s e  of  t h e  mast assembly .  
Throughout  t h e  d e s i g n  of  t h e  above t h r e e  a s s e m b l i e s ,  emphasis  was p l a c e d  
n o t  o n l y  on t h e  p r o p e r  d e s i g n  f o r  f u n c t i o n a l  o p e r a t i o n ,  b u t  a l s o  on mini -  
miz ing  s t r u c t u r a l  weight  commensurate w i t h  r e q u i r e d  s t r e n g t h  and r i g i d i t y .  

A .  Gondola S t r u c t u r a l  Assembly 

The gondola  s t r u c t u r a l  assembly i s  formed from welded aluminum 
(6061-T6) pr imary  and s e c o n d a r y  s t r u c t u r a l  members. A l l  s u p p o r t  equipment  
l o a d s  a r e  c a n t i l e v e r e d  o f f  t h e  main pr imary  s t r u c t u r a l  members. The func-  
t i o n s  of  t h e  secondary  s t r u c t u r a l  members a r e  t o  p r o v i d e  l o c a l  mounting 
p o i n t s  f o r  equipment boxes and t h e r m a l  i n s u l a t i o n ,  and o v e r a l l  s t r u c t u r a l  
r i g i d i t y .  The f u n c t i o n  of t h e  pr imary  s t r u c t u r e  i s  t o  s u p p o r t  t h e  l o a d s  
of  a l l  equipment boxes and t h e  exper iment  package;  i t  a l s o  t r a n s f e r s  t h e s e  
l o a d s  ( i n c l u d i n g  t h e  l o g  e n v i r o n m e n t a l  f a c t o r )  t o  t h e  mast assembly .  

To a c h i e v e  100% s t r u c t u r a l  e f f e c t i v i t y  of  a l l  t h e  aluminum 
welded j o i n t s ,  aluminum g u s s e t  p l a t e s  were welded t o  e a c h  j o i n t .  The dimen- 
s i o n  of  e a c h  g u s s e t  was chosen  such  t h a t  t h e  l e n g t h  of  e a c h  g u s s e t  weld 
e x c e e d s  t h e  l e n g t h  of j o i n t  weld by a f a c t o r  of 10. The p r i m a r y  s t r u c t u r e  
was l i g h t e n e d  a p p r o x i m a t e l y  20% by d r i l l i n g  3 - i n c h  and 2- inch d i a m e t e r  
l i g h t e n i n g  h o l e s  a l o n g  t h e  members which form t h e  p r i m a r y  s t r u c t u r e .  I n  
l o c a t i n g  t h e  p o s i t i o n  of l i g h t e n i n g  h o l e s  c a r e  was t a k e n  t o  i n s u r e  t h a t  
t h e  s t r e n g t h  was n o t  reduced below t h a t  r e q u i r e d .  

(1) The pr imary  s t r u c t u r a l  members c o n s i s t  of  two v e r t i c a l  
5 X 1 3/4 X 1/4 i n c h  c h a n n e l s ,  30 i n c h e s  i n  l e n g t h .  The b a s e  of t h e  chan-  
n e l s  a r e  welded t o  a s p e c i a l l y  des igned  shaped h o r i z o n t a l  b r i d g e  c h a n n e l  
and a r e  spaced 20 i n c h e s  a p a r t .  

( 2 )  The h o r i z o n t a l  b r i d g e  c h a n n e l  i s  s p e c i a l l y  formed by 
w e l d i n g  a 7 X 2 0  X 3/16 i n c h  b a s e  p l a t e  t o  two formed f l a n g e s  a s  shown 
on F i g u r e  2 2 .  The b r i d g e  channel  i s  capped a t  e a c h  end by t h e  weldment of  
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t h e  5" v e r t ' i c a l  c h a n n e l s .  A l s o ,  a t  each  end of t h e  b r i d g e  c h a n n e l ,  t h e  
secondary  s t r u c t u r a l  base  members t i e  i n t o  t h e  p r imary  s t r u c t u r e .  For 
s t r e n g t h ,  r i g i d i t y ,  and weld e f f e c t i v i t y ,  b o t h  h o r i z o n t a l  and v e r t i c a l  gus- 
se t  p l a t e s  have  been welded t o  t h e s e  j o i n t s .  The center of  t h e  b r i d g e  chan-  
n e l  b a s e  p l a t e  h a s  a 6" d i a m e t e r  c l e a r a n c e  h o l e .  The gondola  s t r u c t u r e  
p i v o t s  a b o u t  t h e  c e n t e r l i n e  of  t h i s  h o l e .  A b e a r i n g  r e t a i n e r  p l a t e  (see 
F i g u r e  2 3 )  i s  b o l t e d  t o  t h e  u n d e r s i d e  of t h i s  b r i d g e  channe l  b a s e  p l a t e .  
The lower  mast  assembly  b e a r i n g  i s  p r e s s e d  i n t o  t h i s  b e a r i n g  re ta iner  p l a t e  
w i t h  t h e  mast  assembly  p a s s i n g  through t h e  6" h o l e .  The we igh t  of t h e  
e n t i r e  payload  i s  t h e r e f o r e  t r a n s f e r r e d  from t h e  v e r t i c a l  5" c h a n n e l s  t o  
t h e  h o r i z o n t a l  b r i d g e  c h a n n e l .  From t h e  h o r i z o n t a l  b r i d g e  channe l  t h e  load  
i s  t h e n  t r a n s f e r r e d  th rough  t h e  b e a r i n g  r e t a i n e r  p l a t e ,  t o  t h e  lower  mast  
assembly  b e a r i n g  and f i n a l l y  t o  t h e  mast  assembly .  

( 3 )  The t o p  of t h e  t w o  5" c h a n n e l s  a r e  capped w i t h  a 
5 X 1 3 / 4  X 1/4 i n c h  c r o s s  c h a n n e l .  The t o p  mast s econda ry  s t r u c t u r a l  
members a r e  t i e d  i n t o  t h e  s t r u c t u r e  a t  t h e s e  capped c o r n e r s  and t h e  j o i n t s  
a r e  r e i n f o r c e d  w i t h  welded v e r t i c a l  and h o r i z o n t a l  g u s s e t s .  The c e n t e r  of 
t h i s  c r o s s  channe l  a s  a 2" d i a m e t e r  h o l e .  The mast assembly p a s s e s  t h r o u g h  
t h e  c e n t e r l i n e  of t h e  h o l e .  From t h e  u n d e r s i d e  of t h e  c r o s s  c h a n n e l ,  i n  
l i n e  w i t h  t h e  h o l e ,  is  b o l t e d  t h e  upper  b e a r i n g  r e t a i n e r  p l a t e  ( s e e  F i g u r e  
24). The purpose  of t h e  upper  mast assembly  b e a r i n g  i s  t o  hold  t h e  mast 
assembly  i n  t h e  c o r r e c t  a l ignmen t  p o s i t i o n .  When t h e  mast assembly  i s  
i n s e r t e d  from t h e  base  of t h e  gondola  t h r o u g h  t h e  c e n t e r  of t h e  gondola  
s t r u c t u r e ,  t h e  mast  assembly s h a f t  w i l l  s l i d e  th rough  t h e  i n n e r  f a c e  of 
t h e  uppe r  b e a r i n g  - t h u s  p o s i t i o n i n g  t h e  mast assembly  s h a f t  w i t h  r e s p e c t  
t o  t h e  gondola .  Note should  be made t h a t  t h i s  upper  b e a r i n g  i s  c a p a b l e  
of t r a n s m i t t i n g  t a n g e n t i a l  and normal f o r c e s  t o  t h e  c r o s s  c h a n n e l ,  b u t  
w i l l  n o t  t r a n s m i t  v e r t i c a l  t h r u s t  f o r c e s  imposed by t h e  payload  w e i g h t .  
The b e a r i n g  which t r a n s m i t s  t h e  p r i n c i p a l  t h r u s t  f o r c e s  i s  t h e  lower  mast 
assembly  b e a r i n g .  

(4) The l o a d i n g  diagram f o r  t h e  gondola  pr imary  s t r u c t u r e  
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i s  shown below: 

SIMPLIFIED LOADING DIAGRAM FOR SECTIONED GONDOLA STRUCTURE (ENVIRONMENTAL 
FACTOR INCLUDED) 
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SIMPLIFIED LOADING DIAGRAM FOR TOTAL STRUCTURE 
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( 5 )  Al though a comple t e  stress a n a l y s i s  of t h e  e n t i r e  s t r u c t u r e  
was no t  per formed,  t h e  s i z i n g  of a l l  p r imary  s t r u c t u r a l  members was based on 
l o c a l  stress a n a l y s e s  u s i n g  t h e  above l o a d i n g  d i ag ram.  These s t ress  c a l c u l a -  
t i o n s  were based on t h e  a s sumpt ion  t h a t  a l l  s u p p o r t  equipment  and expe r imen t  
i n s t r u m e n t  l o a d s  a r e  c a n t i l e v e r e d  from t h e  5" c h a n n e l  s t r u c t u r e .  S t r e s s  
checks  f o r  t h e  channe l  s t r u c t u r e  have been made f o r  f a i l u r e  i n  bend ing ,  
c o l l a p s e  of f l a n g e s ,  and s h e a r  f a i l u r e  a t  t h e  c r i t i c a l  l i g h t e n i n g  h o l e  sec- 
t i o n s .  The c a n t i l e v e r  equipment  s u p p o r t  beams were ana lyzed  f o r  s h e a r  
f a i l u r e ,  bending f a i l u r e  and d e f l e c t i o n .  The s p e c i a l  h o r i z o n t a l  b r i d g e  
channe l  was examined f o r  bending  and s h e a r  stress f a i l u r e .  T h i s  a n a l y s i s  
f 01 lows : 

1750# ( a >  S t r e s s  A n a l y s i s  of H o r i z o n t a l  Br idge  Channel  
1 1 7  50# 

R, = 1750# I 
R; = 1750# 
W = 3500# 
1 = 2 0  i n c h e s  
Q = S h e a r  F o r c e  
M = Bonding Moment 
f = D e f l e c t i o n  

3500# 
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S i m p l i f i e d  Lower Br idge  Channel Loading Diagram 

I - I 1/2 I 

I +1750# I 

R =!,R - w  - -  
1 2 2 2  

M = 'x x -  2 

%ax= W 1 ,  a + x  = 1/2 
T 

Q, = + w  - - 

f = ~ 1 3  (MAX? 

2 

- 
E148 

Mmax = 17 ,500#  i n  

Qx = 1750 

f = w 1  3 
E148 
- 

In s o l v i n g  f o r  t h e  s e c t i o n  i n e r t i a  I of t h e  compos i t e  
s t r u c t u r e ,  t h e  d imens ions  f o r  I a r e  chosen  

I = 1/3 (5''XC,3-(4 5/8") X h3 + 2 X (3/16") C,3) 

1 -+t r- 3/16" C1 = .398 i n c h e s  

C 2  = 1- .398 = ,602" 

h = .023" 

I = .160 i n 4  

S o l v i n g  f o r  maximum bending stress 

6 = M c  = MmaxC = 43,500# i n 2  7 6max 7 

2 Max bending stress f o r  6061-T6 i s  35,00O#/in . T h e r e f o r e ,  t h e  
b r i d g e  c h a n n e l  w i l l  f a i l  under maximum l o a d .  To overcome t h i s  
weakness a b e a r i n g  r e t a i n e r  p l a t e  ( F i g u r e  23)  i s  added t o  d i s -  
t r i b u t e  the l oad  (W). 

W=W/l1=3500#/11=318#/in 

a = 10-5 .5  = 4 . 5  i n  

GaX= Rl(a + R1/2W) 

M,,, = 12,700# i n .  
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12,70O#in. 
7,00O#in.' 

1 ,550# 6max = MmaxC/I 
2 0 6max = 31,60O#/in 

-1,550# 
F a c t o r  of S a f e t y  = 1.11 

( b )  The d e s i g n  i s  now s a t i s f a c t o r y ,  b u t  t h e  marg in  of 
s a f e t y  a p p e a r s  t o  be  s m a l l .  However, i t  shou ld  be p o i n t e d  o u t  t h a t  t h e  I ,  
i n e r t i a ,  v a l u e  used d i d  n o t  t a k e  i n t o  a c c o u n t  t h e  s e c t i o n  I n e r t i a  of t h e  
5/8 i n c h  t h i c k  b e a r i n g  r e t a i n e r  p l a t e .  Nor d o e s  t h e  .160 v a l u e  t a k e  i n t o  
a c c o u n t  t h e  f a c t  t h a t  t h e  f l a n g e  d imens ion  of t h e  b r i d g e  channe l  i n c r e a s e s  
f rom 1" minimum t o  3". Both of t h e  above f a c t o r s  w i l l  s u b s t a n t i a l l y  i n c r e a s e  
t h e  s a f e t y  f a c t o r .  I n  p r e d i c t i n g  t h e  maximum v a l u e  of  d e f l e c t i o n  t h e  above  
f a c t o r s  a r e  t a k e n  i n t o  c o n s i d e r a t i o n .  A r e v i s e d  v a l u e  f o r  s e c t i o n  i n e r t i a  
of . 2  i n c h e s 4  i s  used i n  t h e  d e f l e c t i o n  e q u a t i o n  

= W l 3  = .292 i n  fmax - 
48 E1 

= .292 i n c h e s  frnax 
( p o i n t  l o a d )  

A s  a f u r t h e r  check  f o r  d e f l e c t i o n ,  t h e  b r i d g e  channe l  
i s  assumed t o  be un i fo rmly  loaded  o v e r  t h e  e n t i r e  l e n g t h  

= 5WL3 = . 1 8 2  i n  fmax - 
384EI 

(un i fo rm l o a d )  

The t r u e  d e f l e c t i o n  f a l l s  somewhere between t h e s e  
two v a l u e s  - -182 t o  . 2 9 2  i n c h e s .  

Checking f o r  s h e a r  stress 

Q, = s h e a r  f o r c e  = 1750# 

Ax = s h e a r  a r e a  = 2(3/16x1)  + 5x3/16 
2 Ax = 1.3055 i n  

6 s h e a r  max = 1750 = 1,35O#/in 2 

2 
Allowable  s h e a r  stress = 20,00O#/in . 
Shea r  is  t h e r e f o r e  no t  c r i t i c a l .  

( 6 )  The exper iment  i n s t r u m e n t  i s  s u p p o r t e d  between two 
c h a n n e l s  1 6 . 2 5  inches  i n  l e n g t h  and 2 i n c h e s  i n  w i d t h .  These  two c h a n n e l s  
o r i g i n a t e  a t  t h e  5" channe l  p r imary  s t r u c t u r e  and e x t e n d  h o r i z o n t a l l y  o u t -  
ward ,  A t  t h e i r  o r i g i n s  t h e  two s u p p o r t  c h a n n e l s  a r e  welded t o  t h e  p r imary  
s t r u c t u r e  and t h e  w e l d m e n t  a r e a  i s  r e i n f o r c e d  by v e r t i c a l  g u s s e t  p l a t e s  t o  
p r e v e n t  v e r t i c a l  s h e a r i n g .  To i n c r e a s e  t h e  l a t e r a l  r i g i d i t y  of t h e  c h a n n e l s ,  
i n t e r n a l  Webb g u s s e t s  were welded t o  t h e  c e n t e r  l i n e  o f  each  2" c h a n n e l .  
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These c r i t i c a l  g u s s e t  p l a t e s  ex tend  t o  t h e  f l a n g e  and Webb s e c t i o n s  of t h e  
5" channe l  (p r imary  s t r u c t u r e )  and a r e  welded t o  t h e s e  s e c t i o n s .  I n  t h i s  
f a s h i o n ,  b o t h  l a t e r a l  r i g i d i t y  and s t r u c t u r a l  i n t e g r i t y  a r e  a c h i e v e d .  

A t  mid-poin t  a l o n g  t h e  l e n g t h  of t h e  two 2" c h a n n e l s  a r e  b o l t e d  
t h e  exper iment  p i v o t  b e a r i n g s .  
t h e s e  b e a r i n g s  and t h e  exper iment  i n s t r u m e n t  p i v o t s  abou t  them. Both a l i g n -  
ment and s t r e n g t h  of t h e s e  b e a r i n g s  a r e  c r i t i c a l .  
i n  abnorma l ly  h i g h  and non-uniform f r i c t i o n a l  f o r c e s  which resist  t h e  r o t a -  
t i o n a l  e f f o r t  of t h e  c o n t r o l  sys tem.  
i s  t r a n s m i t t e d  t h r o u g h  t h e  b e a r i n g  r e t a i n e r  p l a t e  ( F i g u r e  25) t o  t h e  c h a n n e l s .  
Thus f a i l u r e  of  t h e  b o l t s  h o l d i n g  t h e  b e a r i n g  r e t a i n e r s  t o  t h e  c h a n n e l s  i s  
c a t a s t r o p h i c .  
f o r  r e t a i n e r  p l a t e  and b o l t s :  

The exper iment  s u p p o r t  s h a f t  p a s s e s  t h r o u g h  

Misal ignment  c a n  r e s u l t  

The we igh t  of t h e  exper iment  i n s t r u m e n t  

The f o l l o w i n g  a r e  s h e a r  stress and b e a r i n g  stress c a l c u l a t i o n s  

Check f o r  Shea r  S t r e s s  F a i l u r e  a t  Experiment Suppor t  Bearing P l a t e  and t h e  
S t r u c t u r e  

A 
/ /I S t r e s s  Area = .125X.125 

As = .0156 
As = .0156 

Al lowable  Load=874.0 l b  
Load P ,  a p p l i e d  t h r o u g h  

125" s h a f t  
P=601b/2 = 30 l b .  

F o r  l o g  a c c e l e r a t i o n  

P = 300 l b s .  

S a f e t y  F a c t o r  = 2 .91  

D i r e c t l y  benea th  t h e  exper iment  i n s t r u m e n t  b e a r i n g s ,  t h e  2" 
c h a n n e l s  a r e  braced  by 2 x l x . 1 2 5 ~ 1 3  i n c h  s u p p o r t i n g  c h a n n e l s  s t r u c t u r a l l y  t i e d  
t o  t h e  b a s e  of  t h e  p r imary  s t r u c t u r e .  Thus a t r u s s  s t r u c t u r e  i s  formed t o  
s u p p o r t  t h e  exper iment  pay load .  F o r  payload  l a n d i n g  p r o t e c t i o n ,  t h e  ho r i zon-  
t a l  2" c h a n n e l s  ex tend  o u t  9'' beyond t h e  c e n t e r  l i n e  of t h e  exper iment  
i n s t r u m e n t  b e a r i n g s .  

( 7 )  C r i t i c a l  a l ignment  of t h e  b e a r i n g s  i s  achieved  when t h e  
gondola  s t r u c t u r e  undergoes  f i n a l  machining of t h e  b e a r i n g  s u r f a c e s .  P r i a r  
t o  t h i s  t i m e  t h e  e n t i r e  gondola  s t r u c t u r e  h a s  been  stress r e l i e v e d  (by h e a t  
t r e a t m e n t )  t o  i n s u r e  d imens iona l  s t a b i l i t y .  When t h e  machining o p e r a t i o n  
of t h e  b e a r i n g  f l a t s  h a s  been completed t h e  gondola  s t r u c t u r e  remains  
" j i g g e d "  on t h e  v e r t i c a l  m i l l i n g  t a b l e  and t h e  b e a r i n g  r e t a i n e r  p l a t e s  a r e  
p o s i t i o n e d  i n  t h e i r  r e s p e c t i v e  l o c a t i o n s  o n  t h e  gondola  s t r u c t u r e .  With t h e  
b e a r i n g  r e t a i n e r  p l a t e s  i n  p o s i t i o n ,  t h e  a l ignmen t  h o l e s  and r e t a i n e r  p l a t e  
b o l t  h o l e s  a r e  d r i l l e d  th rough  t h e  gondola  s t r u c t u r e .  F i n a l l y ,  a l ignmen t  
p i n s  a r e  p r e s s e d  i n t o  t h e  a l ignment  h o l e s .  I f  t h e  s i t u a t i o n  e v e r  n e c e s s i -  
t a t e s  removing and r e i n s t a l l i n g  the  b e a r i n g  r e t a i n e r  p l a t e s ,  t h e n  c a r e  shou ld  
be t a k e n  t h a t  new a l ignment  p i n s  a r e  p r e s s e d  i n t o  t h e  b e a r i n g  r e t a i n e r  p l a t e  
and s t r u c t u r e  p r i o r  t o  t i g h t e n i n g  t h e  b e a r i n g  r e t a i n e r  p l a t e  b o l t s .  

27 



DR/L L * v 7 3  7 7; 

\ 

M A T ’ L :  
A L  ALY 6 A R  
2024 - 7 4  (oprmum 6061 - 76) 

FIN/ S H.’ 
SLACK RNOD/Z€ 

MRC#/NE FINIShf‘V ALL OVECt 

A 00 NOT A#OO/Z€ 
uo rEs : 

THESE S YRC A C L S  

2 7 4  1.11”. .0.“1, ... e-.,.. I..., 



r 4 5 -  

4UOLES LQUALLY SPAC€D ASOUT 
@NE HALF TH€ PERIMETEIP OF /.750 D/A 

FIGURE 27 

SPACE ADMINISTRATION 
GODDARD SPACE FLIGHT CENT[ 

GREENBELT, MARYLAND 



B. The Gondola Mast Assembly 

The mast  assembly  i s  formed from welded 6061-T6 aluminum round and 
f l a t  s t o c k .  The e n t i r e  assembly  i s  h e a t  t r e a t e d  a f t e r  we ld ing  and b l a c k  
anod ized  a f t e r  t h e  f i n i s h  machin ing  o p e r a t i o n .  The mast  assembly  c o n s i s t s  
of  a s h a f t  s t r u c t u r e ,  a 5" b e a r i n g  and lower  b e a r i n g  p l a t e ,  and a s p e c i a l  
s l e v i s / b e a r i n g  n u t  (see F i g u r e  26) .  

1. The b a s e  of t h e  s h a f t  s t r u c t u r e  i s  s t r u c t u r a l l y  r e i n f o r c e d .  
Approx ima te ly  33" from t h e  base  of  t h e  mast assembly  t h e  s h a f t  i s  machined 
down t o  1" i n  d i a m e t e r .  The main c o n t r o l  sys t em g e a r s  a r e  s e a t e d  on t h e  1" 
s h a f t  d i a m e t e r .  The 1'' s h a f t  d i a m e t e r  s e c t i o n  c o n t i n u e s  o u t  t o  t h e  .995" 
d i a m e t e r  t h r e a d e d  s e c t i o n  a t  t h e  t o p  of t h e  s h a f t .  Thus a l l  d r i v i n g  g e a r s  
c a n  be s l i p p e d  o n t o  t h e  mast  assembly  from t h e  forwarded  end of  t h e  s h a f t  
s t r u c t u r e .  The 2 1/8" t h r e a d e d / s l o t t e d  s e c t i o n  a t  t h e  t o p  of t h e  s h a f t  i s  
t h e  most c r i t i c a l  d e s i g n  a s p e c t  of t h e  mast a s sembly .  A t  t h e  t h r e a d e d  
s e c t i o n  t h e  m a s t  assembly  a t t a c h e s  t o  t h e  p a r a c h u t e  l i n e s  and hence  a l l  
l o a d s  a r e  u l t i m a t e l y  t r a n s f e r r e d  th rough  t h e  t h r e a d s  t o  t h e  c l e v i s / b e a r i n g  
n u t .  Based on t h e  be l low s t ress  c a l c u l a t i o n s  1-8UNC-2A t h r e a d s  were 
s e l e c t e d  t o  be machined on t h e  end of t h e  aluminum s h a f t .  I n  a d d i t i o n  t o  
machin ing  t h r e a d s  on t h e  end of t h e  s h a f t  s t r u c t u r e ,  a 9/16" deep  ( .190" 
d i a m e t e r )  open end s l o t  h a s  been machined a t  t h e  t o p  of t h e  s h a f t .  The 
pu rpose  of t h e  s l o t  i s  t o  p r o v i d e  a l o c k i n g  c a p a b i l i t y  f o r  t h e  c l e v i s /  
b e a r i n g  n u t .  

2 .  S t r e s s  A n a l y s i s  of C r i t i c a l  Mast At tachment  Screw Threads  
I 

P 

1 - 8UNC - 2 B 
Threads  

Tens ion  F a i l u r e  

The t o t a l  s t ress  a r e a  f o r  t h e  t h r e a d s  i s  g i v e n  by t h e  e q u a t i o n  

A s  = 3.1416 (Em+Km) 2 

4 

Where 

As = S t r e s s  a r e a  

E, = Mean p i t c h  diam. 
I$,, = Mean minor  diam. 

P i t c h  d i a m e t e r  Max. = .9168" 
P i t c h  d i a m e t e r  Min. = .9100" 

E, (Mean p i t c h  d i am. )  = 1.8268/2 = .9134" 

Minor d i a m e t e r  Max. = .8446" 
Minor d i a m e t e r  Min. = ( .8446-hb)  i n .  
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P i t c h  = 1 inch/8  t h r e a d s  = .1250 

hb = .6495 x P i t c h  = .08118 i n .  

Minimum Minor Diameter  = .7634 

Mean Minor Diameter  = (.8446 + .7634)/2 

= .8040 i n .  

As = 3.1416 ( .9134 + .804012 

As = .57913 i n  

Max. a l l o w a b l e  t o n s i l e  stress f o r  aluminum i s  35,OOpsi.  

4 
2 

T h e r e f o r e ,  t o  f a i l  i n  pu re  t e n s i o n  t h e  maximum a l l o w a b l e  load  

P = 35,000 x .57913 = 20,269 l b .  
Expected load  of 350 l b s .  and l o g  s a f e t y  f a c t o r  = 3 , 5 0 0  l b .  
Des ign  a c h i e v e s  a s a f e t y  f a c t o r  = 5.79 

F o r  f a i l u r e  i n  Thread Shea r  

As = 3.1416( .9134+.8040>/2 P i t c h / 2  x (no. of t h r e a d s )  

As = .1686 i n 2 / t h r e a d  

T h e r e  a r e  8 t h r e a d s / i n  

F o r  1;" t h e r e  a r e  1 0  t h r e a d s  

As = 1.686 i n 2  

Y i e l d  s t r e n g t h  c o n s e r v a t i v e  10,OOOpsi 
Max a l l o w a b l e  load  10,000/1.686 = 5,930 l b .  

A c t u a l  l oad  350 x 10 = 3500 l b .  

S a f e t y  f a c t o r  = 1.69 

3 .  The c l e v i s / b e a r i n g  nut  (see F i g u r e  2 7 ) i s  machined from 6061-T6 
aluminum. T h i s  n u t  h a s  t h r e e  main machined s e c t i o n s  and t h r e e  c o r r e s p o n d i n g  
f u n c t i o n s .  The f i r s t  machined s e c t i o n  i s  t h e  c l e v i s .  Through t h e  c e n t e r  of 
t h e  c lev is  p a s s e s  a 3/8" d i a m e t e r  s t e e l  p i n .  The p i n  l i n k s  a p a r a c h u t e  l i n e  
c l e v i s  p l a t e  t o  t h e  mast assembly c l e v i d b e a r i n g  n u t .  The second machined 
s e c t i o n  i s  t h e  f ema le  t h r e a d / l o c k  p i n  h o l e s  s e c t i o n .  1-8UNC-2B t h r e a d s  a r e  
machined i n t o  t h e  .875 d i ame te r  s l o t  i n  t h e  base  of t h e  n u t .  The d e p t h  of 
t h e  s l o t  i s  1.875". The d e p t h  of t h e  t h r e a d s  i s  1.25". In t h e  t h r e a d  f r e e  
r e g i o n  of t h e  s l o t  f o u r  h o l e s ,  e q u a l l y  spaced  abou t  t h e  c i r c u m f e r e n c e  of t h e  
n u t ,  a r e  d r i l l e d  p e r p e n d i c u l a r  t o  t h e  c e n t e r  l i n e  of t h e  s l o t .  Thus when 
t h e  n u t  i s  screwed o n t o  t h e  s h a f t  s t r u c t u r e ,  i t  c a n  be locked  i n  p l a c e  by 
s e t t i n g  a p i n  t h r o u g h  any one of t h e  f o u r  h o l e s  and t h e  s l o t t e d  s e c t i o n  of  
t h e  s h a f t  s t r u c t u r e .  The t h i r d  machined s e c t i o n  i s  t h e  e x t e r n a l  b e a r i n g  
s u r f a c e  s e c t i o n .  The lower  e x t e r n a l  s u r f a c e  and t h e  nu t  i s  machined t o  a 
d i a m e t e r  of  1.5610",  + .007 ,  - .O.  As t h i s  c l e v i d b e a r i n g  nu t  i s  t i g h t e n e d ,  
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t h e  lower  body of t h e  n u t  s l i d e s  i n t o  t h e  i n n e r  r a c e  of t h e  uppe r  mast assem- 
b l y  b e a r i n g .  
b e a r i n g  r e t a i n e r  p l a t e .  
i n n e r  r a c e ,  t h e  mast assembly  s h a f t  i s  a c c u r a t e l y  p o s i t i o n e d  w i t h  r e s p e c t  t o  
t h e  gondola  assembly.  S i n c e  t h e  t o l e r a n c e  c a l l  o u t  between t h e  i n n e r  b e a r i n g  
r a c e  and t h e  e x t e r n a l  c l e v i s / b e a r i n g  nu t  s u r f a c e  n e c e s s i t a t e s  a l i g h t  p r e s s  
f i t ,  t h e r e  i s  v i r t u a l l y  no p l a y  between t h e  mast  assembly and t h e  gondola  
s t r u c t u r e .  From t h e  s t a n d p o i n t  of a c c u r a t e  p o i n t i n g  and c o n t r o l  t h i s  i s  a 
v e r y  d e s i r a b l e  f e a t u r e .  Once t h e  c l e v i s / b e a r i n g  n u t  i s  screwed down t i g h t l y  
(wi th  hand p r e s s u r e  o n l y )  a 3 1 6 - s t a i n l e s s  s t ee l  p i n  i s  p o s i t i o n e d  t h r o u g h  
t h e  c l e v i d b e a r i n g  n u t  and th rough  t h e  s l o t t e d  s h a f t .  With t h e  p i n  i n  p o s i -  
t i o n ,  r o t a t i o n  of t h e  c l e v i s  n u t  w i t h  r e s p e c t  t o  t h e  mast assembly  s h a f t  i s  
n o t  p o s s i b l e .  I n  t h i s  manner p r e c i s i o n  t y p e  smooth r o t a t i o n  of t h e  gondola  
s t r u c t u r e  about  t h e  mast  assembly  i s  ach ieved .  

T h i s  b e a r i n g  i s  a l r e a d y  locked  i n  p o s i t i o n  by t h e  u p p e r  mast 
Thus when t h e  c l e v i s / b e a r i n g  nu t  s l i d e s  i n t o  t h e  

S t r e s s  A n a l y s i s  f o r  C l e v i s  and C l e v i s  P i n  S h e a r  F a i l u r e  

/ r e a  of Shea r  

<- -  
5/16 

Shea r  F a i l u r e  of Clevis  
The minimum ( c o n s e r v a t i v e )  s h e a r  stress a r e a ,  

As = 5/16 i n .  . x  25/64 i n .  . I 2 2  i n . 2  

T o t a l  c o n c e n t r a t e d  load  = P/2 

P/2 = 1750 l b .  

T o t a l  s h e a r  stress = P/2 x l /As  

= 1 4 , 3 0 0 p s i  

The maximum k i n e t i c  e n e r  y of a 4001b b a l l o o n  sys tem f a l l i n g  a t  2 5 f t /  
sec is 3 ,850  f t - l b s  (Ema,=jMV 9 /GI. For  a c o n s e r v a t i v e  approx ima t ion  t h e  v a l u e  
of 4 , 0 0 0  f t - l b s  of  e n e r g y  s h a l l  be used .  Now assume t h a t  a n  ene rgy  a b s o r b e n t  
such  a s  Styrofoam #1 i s  used t o  a b s o r b  t h i s  impact  e n e r g y .  T h i s  m a t e r i a l  h a s  
a shock  abso rben t  c a p a b i l i t y  of 7 . 2  i n - l b s  p e r  c u b i c  i n c h  of m a t e r i a l .  
p r e s e n t  r i n g  d e s i g n  i s  12 .5  f t  i n  c i r c u m f e r e n c e  and h a s  a c r o s s  s e c t i o n a l  t u b e  
d i a m e t e r  of 3". Hence, t o  a b s o r b  4 , 0 0 0  f t - l b  of e n e r g y  t h e  volume of S t y r o -  
foam a t t a c h e d  t o  t h i s  r i n g  m u s t  be 6 ,666  i n 3 .  

The 

4 0 0 0 f t - l b  12 in 

f t  
- 7 . 2  i n - l b  

in3 



f u n c t i o n  of t h e  lower  t u b u l a r  r i n g  i s  twofold .  F i r s t ,  t h e  mass of t h e  t u b e  
i t s e l f  p r o v i d e s  a l a r g e  p e r c e n t a g e  of t h e  d e s i r e d  c o u n t e r  r o t a t i n g  i n e r t i a  
(1 .75  s l u g - f t 2 ) .  Second,  t h e  t u b u l a r  r i n g  s e c t i o n  p r o v i d e s  a s t a b l e  p l a t -  
form b a s e  f o r  t h e  gondola  s t r u c t u r e  and a means f o r  a t t a c h i n g  t h e  impact  I 

I e n e r g y  a b s o r b e n t  m a t e r i a l .  

The f u n c t i o n  of  t h e  shock m i t i g a t i o n  m a t e r i a l  which i s  epoxied  t o  
t h e  lower  r i n g  s e c t i o n  and i s  p a r t  of t h e  i n e r t i a / i m p a c t  r i n g  assembly  i s  
twofo ld .  F i r s t ,  i t  a b s o r b s  t h e  gondola  l and ing  impact  e n e r g y .  Second,  t h e  
we igh t  of t h e  m i t i g a t i o n  m a t e r i a l  p r o v i d e s  a d d i t i o n a l  i n e r t i a  t o  t h e  assem- 
b l y .  For  example,  4 l b s .  of m a t e r i a l  w i l l  r e s u l t  i n  a p p r o x i m a t e l y  . 75  
i n c r e a s e  i n  r i n g  i n e r t i a  s l u g - f t 2  i n c r e a s e  i n  r i n g  i n e r t i a .  When t h i s  

mum r e q u i r e d  i n e r t i a  of 2 .5  s l u g - f t  is achieved  f o r  t h e  i n e r t i a / i m p a c t  
r i n g  a s sembly .  Thus t h e  d e s i g n  o b j e c t i v e  i s  f u l f i l l e d .  I n  a c t u a l i t y  t h e  
i n e r t i a  of t h e  mast  assembly  which i s  ex t r eme ly  sma l l  (.02 s l u g - f t 2 )  shou ld  
a l s o  be added t o  t h e  t o t a l  c o u n t e r  r o t a t i n g  i n e r t i a .  

i n e r t i a  i s  combined w i t h  t h e  i n e r t i g  of t h e  r i n g  (1.758 s l u g - f t  2 1 t h e  m i n i -  
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The r e su l t i ng  t h i c k n e s s  of foam i s  21.3 i n c h e s b a s e d  on n e c e s s a r y  volume 
of abso rben t  m a t e r i a l  and e f f e c t i v e  c r o s s  s e c t i o n a l  a r e a  of  r i n g ) .  

Now t h a t  a volume of ma te r i a l  h a s  been s e l e c t e d ,  t h e  next c o n s i d -  

Hence, a d e t e r m i n a t i o n  of  optimum 
e r a t i o n  t o  examine i s  t h e  r e s u l t i n g  impact  d e c e l e r a t i o n .  
t h a t  t h i s  v a l u e  does  n o t  exceed -1Og's .  
impact  a r e a  f o l l o w s :  

I t  i s  d e s i r a b l e  

aA = F = ma 
a = - lOg ' s  
F = 4 ,000  l b s  

a f o r  s ty ro foam #1 = 6 , 0 0 0  l b s / f t  2 

The re fo re  t h e  impact  a r e a  must no t  be g r e a t e r  t h a n  ,666 f t 2  (4000/6000).  
T h i s  means t h e  impact  m a t e r i a l  w i d t h  must n o t  exceed .666/12.5 f t  = .64",  t o  
keep t h e  d e c e l e r a t i o n  below l o g ' s .  

For 6061-T6 e l .  a l l o w a b l e  ( y i e l d )  s h e a r  stress = 20,OOOpsi 
S a f e t y  f a c t o r  = 1 . 4  

S h e a r  stress of  c l e v i s  p i n  

The s h e a r  stress a r e a  o f  t h e  s tee l  p i n ,  

= D2 = 3 .14x(3 /8 l2  As - 
4 4 

As = .1115 i n .  2 

T o t a l  c o n c e n t r a t e d  load  on one  end of p i n  = 1750 l b .  

T o t a l  p i n  s h e a r  stress 

P/2x1 = 1 5 , 6 5 0 p s i  - 
AS 

F o r  316 s t a i n l e s s  s t ee l  b o l t s  y i e l d  s h e a r  stress a l l o w a b l e  = 30,000 
p s i  

S a f e t y  f a c t o r  = 1 . 9 2  

C.  The I n e r t i a / I m p a c t  Ring Assembly 

The i n e r t i a / i m p a c t  r i n g  assembly  i s  formed from e x t r u d e d  6061-T6 
t u b u l a r  aluminum and 6061-T6 f l a t  s t o c k  (see F i g u r e  28) .  A f t e r  w e l d i n g ,  t h e  
r i n g  assembly i s  h e a t  t r e a t e d  and t h e n  unde rgoes  " f i n i s h "  machin ing .  The 
e n t i r e  assembly is t h e n  b l a c k  anod ized  and f i n a l l y  impact  ene rgy  a b s o r b e n t  
m a t e r i a l  (shock m i t i g a t i o n  m a t e r i a l )  i s  epoxyed t o  t h e  b a s e  o f  t h e  r i n g  
a s  sembl y . 

The i n e r t i a / i m p a c t  r i n g  assembly  i s  composed of a n  upper  and lower  
tubu le :  r i n g  s e c t i o n .  Each r i n g  s e c t i o n  i s  s t r u c t u r a l l y  i n t e r c o n n e c t e d .  
The o u t s i d e  dimensfon of  t h e  lower  r i n g  s e c t i o n  i s  48" i n  d i a m e t e r .  The 
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V. T e s t i n g  

I n t r o d u c t i o n  

The o b j e c t i v e  of t h e  test program was t o  v e r i f y  t h e  f e a s i b i l i t y  of 
d e s i g n  c o n c e p t s  t o  be used i n  t h e  system. Al though t e s t s  o f  t h e  e n t i r e  
gondola  a r e  p l a n n e d ,  i t  was f e l t  d e s i r a b l e  t o  r u n  l i m i t e d  tests e a r l y  i n  
t h e  deve lopment .  The two major  c a t e g o r i e s  of tests performed were thermol- 
vacuum env i ronmen ta l  tests of t h e  c o n t r o l  subsys tem components and non- 
env i ronmen ta l  development  tes ts  of v a r i o u s  p o r t i o n s  of  t h e  sys tem.  Some 
of t h e s e  tests were performed w i t h  t h e  a s s i s t a n c e  of t h e  GSFC T e s t  and 
E v a l u a t i o n  D i v i s i o n .  D i s c u s s i o n s  of t h e  tes ts  i n  t h e  two c a t e g o r i e s  f o l l o w .  

Envi ronmenta l  T e s t s  

Thermal-vacuum tes ts  were r u n  t o  e v a l u a t e  t h e  env i ronmen ta l  c a p a b i l i -  
t i e s  of  t h e  components used i n  t h e  c o n t r o l  subsys tem.  A l l  components of 
t h e  subsys tem were t a b u l a t e d ,  and tes t  s e t u p s  were conce ived  t o  t es t  e a c h  
t y p e  of  component. The t e s t  s e t u p s  were such  t h a t  some of  t h e  f l i g h t  
o p e r a t i o n s  cou ld  be v e r i f i e d .  

An env i ronmen ta l  s chedu le  was p repa red  which s imula t ed  a b a l l o o n  
a s c e n t  t o  130 ,000  f e e t  and subsequent  f o u r  hour  f l i g h t .  An a t t e m p t  was made 
t o  r u n  a l l  t es t s  a c c o r d i n g  t o  t h i s  thermal-vacuum schedu le .  

The f o l l o w i n g  components were t e s t e d :  

1. Connec to r s  
2 .  Se rvo  Components 
3. Programmer Components 
4 .  F l u x g a t e  Compass 
5. E l e c t r o n i c s  and Camera (A camera and s w i t c h i n g  e l e c t r o n i c s  

sys tem was developed  t o  p r o v i d e  a c c u r a t e  
p o s i t i o n  i n f o r m a t i o n  f o r  t h e  e x p e r i m e n t e r s  
toward t h e  end of t h e  b a l l o o n  sys tem 
development . )  

The r ema inde r  of t h i s  s e c t i o n  i s  a d i s c u s s i o n  of t h e s e  t es t s .  The components 
t e s t e d  a r e  l i s t e d ,  t h e  p rocedure  i s  summarized, and t h e  resu l t s  a r e  no ted .  
Fo r  more d e t a i l e d  i n f o r m a t i o n  on a t e s t ,  r e f e r e n c e  must be made t o  t h e  a c t u a l  
d a t a  s h e e t s  ( n o t  i nc luded  i n  r e p o r t ) .  

T e s t  1: Connectors  

Components Tes t ed  

1. Connector  (Cinch DE 9P) 
2.  Connector  (Winchester  t ype  - 9 p i n )  
3. Re lay  (Elgin-Advance Relays-DPDT MV-2C-6OOP-16) 
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Procedure  

The c i r c u i t  i s  connected  so  t h a t  130 v o l t s  AC, and 3 5  v o l t s  D C ,  a r e  
between w i r e s  p a s s i n g  th rough  t h e  c o n n e c t o r s .  The 3 5  v o l t s  i s  used t o  
e n e r g i z e  t h e  r e l a y ,  which i n  t u r n  c o n n e c t s  t h e  130 v o l t s  t o  a n  i n d u c t i v e  
l o a d .  The r e l a y  is  e n e r g i z e d  a t  a p r e s s u r e  s i m u l a t i n g  8 0 , 0 0 0  f e e t  (21mm). 
T h i s  s i m u l a t e s  t h e  o p e r a t i o n  of t h e  l aunch- recove ry  r e l a y  i n  t h e  a c t u a l  sub-  
sys tem.  A t  a p r e s s u r e  s i m u l a t i n g  t h e  o p e r a t i o n a l  a l t i t u d e  ( 1 3 O l 0 0 0 f t ) ,  t h e  
r e l a y  i s  e n e r g i z e d  and de -ene rg ized  s e v e r a l  times. 

R e s u l t s  

The t e s t  was s u c c e s s f u l  w i t h  no e v i d e n c e  of a r c i n g .  The env i ronmen ta l  
s c h e d u l e  was not  f o l l o w e d ,  and no the rma l  s i m u l a t i o n  was a t t e m p t e d .  However, 
p r e s s u r e s  a s  low a s  l m m  were ma in ta ined  f o r  abou t  one-ha l f  hour .  The r e l a y  
was s u c c e s s f u l l y  o p e r a t e d  a t  a p r e s s u r e  s i m u l a t i n g  80 ,000  f e e t ,  and s e v e r a l  
t irnes t h e r e a f t e r  . 

T e s t  2: Servo  Components 

Components Tes ted  

1. 
2 .  
3. 
4 .  
5. 
6 .  
7 .  
8. 
9 .  

1 0 .  

11. 

Motor-Generator  ( K e a r f o t t  RB04-5H) 
Servo-Ampl i f ie r  ( K e a r f o t t  C703148001) 
Reso lve r  (Reeves R-150) 
Reso lve r  Transformer  ( M i c r o t r a n  M8097) 
Bias Transformer  ( M i c r o t r a n  M8063) 
Barometr ic  Swi tch  (Gorn GB-300-NA71-1) 
Gearhead (Metron I n s t r u m e n t  Co-2025: l )  
Relay ( A l l i e d  6PDT J H - 1 8 D )  
Relay ( 3 )  (Two P o t t e r  Brurnfield DPDT SCllDA, One E l g i n  DPDT 

C a p a c i t o r  ( 3 )  (Aerovox-200 Farad  P123ZNB) 
MV 2C-200D-16) 

(Vi t imin  Q-91P15494S4) 
( V i t i m i n  Q-91P33394S5) 

R e s i s t o r  (3 w a t t ;  240K) 

P r o c e d u r e  

The c i r c u i t  i s  connected so  t h a t  t h e  r e s o l v e r  i s  made t o  n u l l  a t  a l l  
90' p o s i t i o n s ,  by commands e x t e r n a l  t o  t h e  chamber .  
up ,  down, and"horizonta1" f u n c t i o n s  i n  t h e  a c t u a l  subsys tem.  N u l l i n g  a t  
180° t o  a g i v e n  p o s i t i o n  i s  a l s o  p o s s i b l e  by command, 
"back azimuth" f u n c t i o n  i n  t h e  a c t u a l  subsys tem.  The c i r c u i t  i s  e n e r g i z e d  
a t  a p r e s s u r e  s i m u l a t i n g  9 0 , 0 0 0 f t  by t h e  b a r o m e t r i c  s w i t c h ,  a t  which time t h e  
r e s o l v e r  r o t a t e s  t o  a n u l l  a t  t h e  f i r s t  commanded p o s i t i o n .  The r e s o l v e r  
p o s i t i o n  i s  observed by means of  a d i a l ,  and t h e  g e n e r a t o r  o u t p u t  i s  r e c o r d e d .  

T h i s  s i m u l a t e s  t h e  look  

T h i s  s i m u l a t e s  t h e  
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The tes t  was s u c c e s s f u l  w i t h  no evidence o f  improper  f u n c t i o n i n g .  The 
p r e s s u r e  p o r t i o n  of t h e  env i ronmen ta l  s c h e d u l e  was s u c c e s s f u l l y  f o l l o w e d ,  
b u t  t h e r e  was l i t t l e  c o n f i d e n c e  i n  f o l l o w i n g  t h e  t e m p e r a t u r e  p o r t i o n .  
was caused by imprope r  c a l i b r a t i o n  of t h e  thermo-couple  i n  t h e  vacuum chamber 
the rma l  c o n t r o l  sys t em. )  O b s e r v a t i o n  of  t h e  chamber the rma l  c o n t r o l  sys t em 
i n d i c a t e d  t e m p e r a t u r e  c y c l i n g  was o c c u r i n g ,  however. 

( T h i s  

The b a r o m e t r i c  s w i t c h  p r o p e r l y  a c t u a t e d  a t  a n  i n d i c a t e d  p r e s s u r e  of 
20mm, and t h e  r e s o l v e r  was d r i v e n  t o  t h e  command n u l l  p o s i t i o n .  Subsequen t  
t o  t h i s ,  v a r i o u s  commanded n u l l s  were a c h i e v e d  i n c l u d i n g  "back azimuth" p o s i -  
t i o n s .  A t  t h e  end of t h e  t e s t ,  t h e  b a r o m e t r i c  s w i t c h  p r o p e r l y  d e - e n e r g i z e d  
t h e  c i r c u i t  a t  a n  i n d i c a t e d  p r e s s u r e  of 32.4mm. Some h y s t e r e s i s  i n  t h e  ba ro -  
metric s w i t c h  was d i s c o v e r e d  i n  t h i s  t e s t .  

T e s t  3:  Programmer ComDonents 

Components T e s t e d  

1. DC Motor and Gearhead ( A . W .  Haydon M5818 C h r o n o m e t r i c a l l y  
governed)  

2.  Cam (PIC Des ign  C o r r .  
3. Cam Micro Switch 
4 .  DC Motor (A.W. Haydon, C h r o n o m e t r i c a l l y  gove rned)  
5. S w i t c h  s t a c k  (A.W. Haydon, Eleven cam s w i t c h e s )  

P r o c e d u r e  

The DC motor ,  M5818, i s  connected t o  r o t a t e  t h e  PIC cam which a c t u a t e s  
t h e  cam mic ro  s w i t c h .  The a c t u a t i o n  of t h e  cam mic ro  s w i t c h  i n  t u r n  a p p l i e s  
v o l t a g e  t o  t h e  s w i t c h e s  i n  t h e  s w i t c h  s t a c k .  The PIC cam i s  se t  s o  t h a t  t h e  
cam m i c r o  s w i t c h  e n e r g i z e s  t h e  s w i t c h  s t a c k  a f t e r  75 m i n u t e s  (which c o r r e s -  
ponds t o  a s i m u l a t e d  a l t i t u d e  of 8 0 , 0 0 0 f t )  and d e - e n e r g i z e s  t h e  s w i t c h  s t a c k  
a f t e r  5 h o u r s  ( s i m u l a t i n g  t h e  end of a b a l l o o n  f l i g h t ) .  The s w t i c h  s t a c k  
cams a r e  r o t a t e d  c o n t i n u o u s l y  (1/5 rpm) d u r i n g  t h e  e n t i r e  t e s t  by t h e  o t h e r  
DC moto r .  The t es t  s e t u p  c l o s e l y  s i m u l a t e s  t h e  o p e r a t i o n  of t h e  cams and 
s w i t c h e s  d u r i n g  a n  a c t u a l  f l i g h t .  During t h e  t e s t ,  t h e  o p e r a t i o n  of a l l  
cams i s  r e c o r d e d .  

R e s u l t s  

The d e s i r e d  t es t  environment was more n e a r l y  ach ieved  on t h i s  tes t  t h a n  
any h e r e t o f o r e .  
mometer w i t h i n  t h e  chamber,  and t h e  p r e s s u r e  p o r t i o n  of t h e  env i ronmen ta l  
s c h e d u l e  was f o l l o w e d .  The s w i t c h  s t a c k  cams were e n e r g i z e d  by t h e  cam mic ro  
s w i t c h  a t  t h e  p r o p e r  time, and t h e  r e c o r d i n g  of t h e  s w i t c h  o u t p u t s  confirmed 
t h e i r  p r o p e r  s equenc ing .  The s w i t c h  s t a c k  was p r o p e r l y  d e - e n e r g i z e d  a f t e r  5 
h o u r s  and 1 minute  had e l a p s e d .  This  a c c u r a c y  i n  s e t t i n g  t h e  PIC cam i s  
somewhat i n d i c a t i v e  of what may be  expected i n  t h e  f l i g h t  u n i t .  

Temperature  extremes were v e r y  n e a r l y  confirmed by a t h e r -  
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T e s t  4: F l u x g a t e  Loop 

Components Tes t ed  

1. F luxga te  Compass (Benidx t y p e  15019,  S e r i a l  #310500) 
2.  Con t ro l  Transformer  (CT)(Bendix t y p e  AY-500-6-Al) 
3. E l e c t r o n i c s  Card (Bendix t y p e  SA 229)  
4 .  Transformer  115V/2.8V, 4OOcps (Mic ro - t r an )  

P rocedure  

The f l u x g a t e  i s  p laced  a t  some random o r i e n t a t i o n ,  and t h e  CT s h a f t  i s  
p o s i t i o n e d  t o  g i v e  a n u l l e d  o u t p u t  from i t s  r o t o r  w ind ings .  The n u l l e d  
c o n d i t i o n  i s  d i s t u r b e d  by a p i e c e  of i r o n  r o t a t i n g  p a s t  t h e  f l u x g a t e  e v e r y  
4 s e c o n d s .  (A magnet can  a l s o  be pas sed  by t h e  f l u x g a t e  t o  d i s t u r b  t h e  
n u l l e d  c o n d i t i o n . )  
a phase  s e n s i t i v e  demodula tor  and t h e  SA 229 e l e c t r o n i c s  c a r d  (4OOcps ou t -  
p u t ) .  The same p a t t e r n  of n u l l  d i s t u r b a n c e  i s  looked f o r  under  v a r i o u s  
env i ronmen ta l  c o n d i t i o n s ,  t o  d e t e r m i n e  whe the r  o r  n o t  env i ronmen ta l  e f f e c t s  
a r e  o c c u r i n g .  The t e s t  s e t u p  i s  n o t  e n e r g i z e d  u n t i l  a p r e s s u r e  s i m u l a t i n g  
8 0 , 0 0 0 f t  i s  a t t a i n e d  s o  t h a t  f l i g h t  c o n d i t i o n s  c a n  be d u p l i c a t e d .  

The d i s t u r b a n c e  of t h e  n u l l  c o n d i t i o n  i s  r e c o r d e d  u s i n g  

R e s u l t s  

The test  was run  o n  t h r e e  s e p a r a t e  o c c a s i o n s ,  because  env i ronmen ta l  
e f f e c t s  were noted each  time t h e  t es t  s e t u p  was i n i t i a l l y  e n e r g i z e d  a t  21mm, 
-67'F. The envi ronmenta l  s c h e d u l e  was fo l lowed  f o r  each  t e s t ,  up t o  t h e  
p o i n t  of  e n e r g i z i n g  t h e  s e t u p .  While  t h e  t e m p e r a t u r e  p o r t i o n  was n o t  f o l -  
lowed p r e c i s e l y ,  t h e  d e s i r e d  t e m p e r a t u r e  was ach ieved  a t  l e a s t  by t h e  time 
t h e  sys t em was e n e r g i z e d .  A f t e r  t h e  env i ronmen ta l  problem was noted  on t h e  
f i rs t  a t t e m p t  t o  run  t h e  t e s t  ( u s i n g  a p i e c e  of r o t a t i n g  i r o n ) ,  t h e  f l u x g a t e  
was r e t u r n e d  t o  Bendix Company ( E c l i p s e - P i o n e e r )  f o r  i n c o r p o r a t i o n  of a 
f l u i d  hav ing  b e t t e r  t he rma l  c h a r a c t e r i s t i c s  (less v i s c o u s i t y  change w i t h  
t e m p e r a t u r e  changes) .  Upon r e c e i p t  of t h e  u n i t  w i t h  t h e  new f l u i d ,  t h e  tes t  
was a g a i n  a t t empted  u n s u c c e s s f u l l y  ( u s i n g  a p i e c e  of r o t a t i n g  i r o n ) .  A 
t h i r d  r u n  of t he  t e s t  was made i n  t h e  p r e s e n c e  o f  a Bendix r e p r e s e n t a t i v e ,  

b e i n g  observed  were. I n i t i a l l y  u s i n g  a p i e c e  of r o t a t i n g  i r o n  and n o t i n g  t h e  
n u l l  d i s t u r b a n c e  p a t t e r n  changing  g r e a t l y  f rom t h e  a t m o s p h e r i c  c o n d i t i o n ,  
p a t t e r n ,  i t  was dec ided  t o  use  a magnet t o  c r e a t e  t h e  d i s t u r b a n c e  f o r  p a t -  
t e r n  comparison.  The magnet approach  showed t h a t  t h e  f l u x g a t e  would n u l l  a t  
t h e  p r o p e r  p o s i t i o n  under  env i ronmen ta l  c o n d i t i o n s ,  g i v e n  s u f f i c i e n t  t i m e ,  
even though t h e  n u l l  d i s t u r b a n c e  p a t t e r n  u s i n g  t h e  p i e c e  of r o t a t i n g  i r o n  
cou ld  n o t  be r e p e a t e d .  The c o n c l u s i o n  was t h a t  t h e  r o t a t i n g  i r o n  t e s t  was 
t o o  s e n s i t i v e  i n  t h a t  i t  d i d  no t  a l l o w  t i m e  f o r  t h e  f l u x g a t e  t o  r e t u r n  t o  
n u l l  b e f o r e  being d i s t u r b e d  by t h e  i r o n  a g a i n .  To tes t  t h i s  t h e o r y ,  t h e  
r o t a t i n g  i r o n  was s topped  j u s t  a f t e r  d i s t u r b i n g  t h e  f l u x g a t e ,  and t h e  ove r -  
shoo t  of  t h e  n u l l  was noted  s i m i l a r  t o  t h a t  obse rved  unde r  a t m o s p h e r i c  
c o n d i t i o n s ,  only s l o w e r .  
showing t h i s  c a p a b i l i t y .  The c o n c l u s i o n  i s  t h a t  t h e  f l u x g a t e  w i l l  have a 
change i n  i t s  f requency  r e sponse  a t  low t e m p e r a t u r e s  (more s l u g g i s h ) ,  b u t  
t h a t  it should  s t i l l  be a n  adequa te  p i e c e  of equipment  f o r  t h e  b a l l o o n  
m i s s  i o n .  

i n  hope of  d i s c o v e r i n g  how s e r i o u s  t h e  env i ronmen ta l  e f f e c t s  

The f l u x g a t e  a l s o  n u l l e d  a t  t h e  p r o p e r  p o s i t i o n ,  
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T e s t  5: E l e c t r o n i c s  and Camera 

Components Tes t ed  

1. S t a t i c  I n v e r t e r  (Arnold Co.) 
2 .  

3. A i r c r a f t  Camera and IMC S t e p p e r  Motor ( S i z e  11) 
4 .  Camera E l e c t r o n i c s  ( B u i l t  i n -house )  

F i l t e r  (115 v o l t s ,  400 c p s ,  s q u a r e  wave t o  20 and 3 v o l t s ,  
400 c p s ,  s i n e  wave - b u ? l t  i n -house )  

P rocedure  

T h i s  t es t  s e t u p  i s  of two f u n c t i o n a l l y  d i f f e r e n t  p o r t i o n s  of t h e  c o n t r o l  
subsys tem - t h e  s t a t i c  inverter and f i l e r ,  and t h e  camera and i t s  e l e c t r o n i c s .  
Ou tpu t s  of t h e  28 v o l t  DC, s t a t i c  inverter a r e  loaded  a s  f o l l o w s :  115 v o l t s ,  
400 c p s  o u t p u t  t o  t h e  f i l t e r  and +15 v o l t s  DC, o u t p u t s  t o  a n  a p p r o p r i a t e  l oad  
c i r c u i t .  The camera ,  loaded  wi th- f i lm,  i s  connected  t o  i t s  e l e c t r o n i c s .  The 
f i l m  i s  marked t o  v e r i f y  a t  t h e  end of t h e  test t h a t  a l l  f r ames  would have 
been  exposed .  A l l  equipment  i s  p laced  i n t o  o p e r a t i o n ,  and per formance  i s  
moni tored  and r eco rded  a s  t h e  envi ronmenta l  s c h e d u l e  i s  f o l l o w e d .  

R e s u l t s  

On t h e  f i r s t  a t t e m p t  t o  r u n  t h i s  t e s t ,  t h e  camera e l e c t r o n i c s  f a i l e d ,  
b u t  t h e  s t a t i c  inver ter  and f i l t e r  p o r t i o n s  o p e r a t e d  p r o p e r l y .  A subsequen t  
t h e r m a l  t e s t  of o n l y  t h e  camera e l e c t r o n i c s  r e v e a l e d  a t r a n s i s t o r  b i a s i n g  
r e s i s t o r  problem which was c o r r e c t e d .  A second t e s t  of t h e  camera and i t s  
e l e c t r o n i c s ,  f o l l o w i n g  t h e  thermal-vacuum s c h e d u l e  once a g a i n  r e s u l t e d  i n  
t h e  camera mechanism f a i l i n g ,  bu t  t h e  p r o p e r  o p e r a t i o n  of  t h e  camera e lec-  
t r o n i c s  was v e r i f i e d .  A t he rma l  t e s t  of on ly  t h e  camera uncovered a l u b r i -  
c a n t  problem which was c o r r e c t e d  by r e p l a c i n g  t h e  l u b r i c a n t  w i t h  v e r s a l u b e .  
A t h i r d  t e s t ,  f o l l o w i n g  t h e  thermal-vacuum s c h e d u l e ,  demonst ra ted  t h a t  t h e  
camera cou ld  w i t h s t a n d  minus 70°F f o r  abou t  1 1/3 h o u r s ,  b e f o r e  mechanism 
f a i l u r e .  T h i s  r e s u l t  was f e l t  s u f f i c i e n t  t o  v e r i f y  c a p a b i l i t y  of t h e  camera 
t o  w i t h s t a n d  expec ted  f l i g h t  envi ronment .  Thus,  t h e  o v e r a l l  t e s t  of  t h e s e  
two f u n c t i o n a l  p o r t i o n s  of t h e  subsystem was c o n s i d e r e d  s u c c e s s f u l l y  com- 
p l e t e d .  

No n- E nv i r o nme n t a 1 Te s t s 

These t es t s  were r u n  t o  e v a l u a t e  c r i t i c a l  p o r t i o n s  of t h e  system where 
t h e r m a l  vacuum env i ronmen ta l  c a p a b i l i t i e s  were no t  i n  q u e s t i o n .  The fo l low-  
i n g  t es t s  were run :  

1. F l u x g a t e  Compass Frequency Response 
2 .  F l u x g a t e  Compass w i t h  Square  Wave I n p u t  
3 .  
4 .  Shroud L i n e s ,  S p r e a d e r  Ring,  and Mast S t r e n g t h  T e s t  

E q u a t o r i a l  Computer Low Level  V i b r a t i o n  To le rance  

The remainder  o f  t h i s  s e c t i o n  i s  a d i s c u s s i o n  of t h e s e  tes ts ,  u s i n g  t h e  
same fo rma t  a s  f o r  env i ronmen ta l  t es t s .  Again ,  f o r  more d e t a i l e d  informa-  
t i o n  on a t e s t ,  r e f e r e n c e  must be made t o  t h e  a c t u a l  d a t a  s h e e t s .  
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T e s t  1: F l u x g a t e  Compass Frequency Response 

Compo nen t s Tes t e d 

1. F l u x g a t e  Compass (Bendix  type  15019,  S e r i a l  #310500) 
2 .  C o n t r o l  Transformer  (CT) (Benidx t y p e  AY-500-6-A1) 
3. E l e c t r o n i c s  Card (Bendix t y p e  SA 229) 

P rocedure  

T h i s  t e s t  was t o  d e t e r m i n e  t h e  f r equency  r e s p o n s e  of  t h e  f l u x g a t e  
compass,  w i t h  a s s o c i a t e d  CT and e l e c t r o n i c s ,  used f o r  magnet ic  n o r t h  
s e n s i n g  i n  t h e  az imuth  c o n t r o l  l o o p .  In t h i s  l o o p ,  t h e  d e v i c e  must a c c u r a t e l y  
i n d i c a t e  e l e c t r i c a l l y  i t s  p h y s i c a l  o r i e n t a t i o n  r e l a t i v e  t o  magnet ic  n o r t h ,  
under  dynamic c o n d i t i o n s .  

F i g u r e  29 shows how t h e  compass,  w i t h  a s s o c i a t e d  CT and e l e c t r o n i c s ,  i s  
t e s t e d .  Recording of t h e  e r r o r ,  E ,  (on a CEC r e c o r d e r  and photo  r e c o r d i n g  
memo-scope) i n d i c a t e s  t h e  e l e c t r i c a l  o u t p u t  of t h e  f l u x g a t e ,  i n c l u d i n g  any  
e f f e c t s  of t h e  CT and e l e c t r o n i c s ,  s i n c e  t h e  + 3 O  p h y s i c a l  d i sp l acemen t  d o e s  
no t  exceed t h e  l i n e a r  r ange  of t h e  n u l l  o u t p u t  c h a r a c t e r i s t i c  of t h e  CT o r  
t h e  e l e c t r o n i c s .  The p h y s i c a l  i n p u t  o r i e n t a t i o n  of t h e  f l u x g a t e  i s  r eco rded  
u s i n g  a l i n e a r  p o t e n t i o m e t e r .  The s i n u s o i d a l  d i s p l a c e m e n t  of t h e  f l u x g a t e  
a b o u t  i t s  n u l l  p o s i t i o n ,  needed f o r  f r equency  r e s p o n s e  d e t e r m i n a t i o n ,  i s  
p rov ided  by a c e n t r i f u g e  t a b l e  and l i n k a g e .  (The p o t e n t i o m e t e r  r e c o r d i n g  
of t h i s  happens t o  be 90' o u t  of phase  w i t h  t h e  e l e c t r i c a l  o u t p u t  of  tte 
f l u x g a t e ,  because  of t h e  p o s i t i o n  of t h e  p o t e n t i o m e t e r  i n  t h e  mechanica l  
l i n k a g e . )  F requenc ie s  f rom 0 .5cps  t o  l 6 c p s  a r e  used .  

R e s u l t s  

F i g u r e  30  shows photographs  of d a t a  a t  two extremes o f  t h e  t e s t  f r e -  
q u e n c i e s  ( l c p s  and 1 6 c p s ) .  From d a t a  such  a s  t h e s e ,  measurements were made, 
and t h e  f requency  r e sponse  computed u s i n g  t h e  e q u a t i o n :  

The r e s u l t s  of t h e s e  computa t ions  a r e  p l o t t e d  i n  F i g u r e  31, which 
shows g a i n  (db)  and c o r r e s p o n d i n g  phase  a n g l e s  a t  v a r i o u s  f r e q u e n c i e s .  I t  
i s  s e e n  on t h e  g r a p h s  t h a t  t h e  magnitude r a t i o  i s  a t t e n u a t e d  a s  much a s  
1 . 2  db  a t  2cps and t h a t  t h e  phase  l a g  a n g l e  becomes a s  l a r g e  a s  21' a t  
16cps .  It  i s  concluded t h a t  t h e  dynamic c h a r a c t e r i s t i c s  of t h e  f l u x g a t e  
compass,  w i t h  a s s o c i a t e d  CT and e l e c t r o n i c s ,  a r e  w e l l  w i t h i n  t h e  r ange  re- 
q u i r e d  by t h e  AS0 Bal loon  azimuth c o n t r o l  l o o p .  
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T e s t  2 :  F l u x g a t e  Compass w i t h  Square  Wave I n p u t  

Components Tes t ed  

1. F l u x g a t e  Compass (Bendix t y p e  15019,  S e r i a l  #310500) 
2 .  C o n t r o l  T rans fo rmer  (CT) (Bendix t y p e  AY-500-6-Al) 
3 .  E l e c t r o n i c s  Card (Bendix t y p e  SA 229) 

P r o c e d u r e  

T h i s  tes t  was t o ' d e t e r m i n e  t h e  f e a s i b i l i t y  of u s i n g  a 4OOcps s q u a r e  
wave s i g n a l ,  i n  p l a c e  of s i n e  wave, t o  e n e r g i z e  t h e  f l u x g a t e  compass. The 
f l u x g a t e  compass i s  connec ted  t o  t h e  a s s o c i a t e d  CT and e l e c t r o n i c s  and 
e n e r g i z e d  w i t h  t h e  s q u a r e  wave, w h i l e  t h e  o u t p u t  of t h e  e l e c t r o n i c s  i s  
moni tored  by a r e c o r d e r  and o s c i l l o s c o p e .  
g a t e  compass e n e r g i z e d  w i t h  an  e q u i v a l e n t  magni tude s i n e  wave. 
t h e  f l u x g a t e  e l e c t r o n i c s  w i t h  t h e  two i n p u t s  a r e  compared. 

T h i s  i s  r e p e a t e d  w i t h  t h e  f l u x -  
Output  of  

R e s u l t s  

The o u t p u t  of t h e  e l e c t r o n i c s  was found t o  be a t t e n u a t e d  by a f a c t o r  of 
approx ima te ly  8 . 6  when t h e  s q u a r e  wave i n p u t  was u s e d .  
on t h e  o u t p u t  were no ted .  It  i s  concluded  t h a t  t h e  s q u a r e  wave i n p u t  i s  
no t  s a t i s f a c t o r y  f o r  e n e r g i z i n g  t h e  f l u x g a t e  compass.  

A l s o ,  l a r g e  s p i k e s  

T e s t  3 :  E a u a t o r i a l  ComDuter Low Level  V i b r a t i o n  To le rance  

Component Tes t ed  - E q u a t o r i a l  Computer Package 

P r o c e d u r e  

T h i s  t es t  was t o  v e r i f y  t h e  q u a l i t y  of workmanship on t h i s  package.  
The package  i s  f i r s t  i n s p e c t e d  t o  v e r i f y  i t s  s u i t a b l e  c o n d i t i o n  f o r  t h e  
t e s t .  I t  i s  t h e n  mounted on a v i b r a t i o n  t es t  f a c i l i t y  and s u b j e c t e d  t o  
low l eve l ,  low a m p l i t u d e  v i b r a t i o n  over  a range  of f r e q u e n c i e s .  The con- 
d i t i o n  of t h e  package i s  a g a i n  i n s p e c t e d .  

R e s u l t s  

No n o t i c e a b l e  changes t o  t h e  E q u a t o r i a l  Computer Package occur red  
d u r i n g  t h i s  t e s t .  It  i s  concluded t h a t  t h e  workmanship i s  adequa te  f o r  
w i t h s t a n d i n g  low level  v i b r a t i o n .  

T e s t  4 :  Shroud L i n e s ,  S p r e a d e r  R ing ,  and Mast S t r e n g t h  

Components Tes t ed  

1. Shroud L i n e s  
2 .  S p r e a d e r  Ring 
3 .  Lower S p r e a d e r  P l a t e  Assembly 
4 .  Mast Bear ing  
5. Mast 
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Procedure  

Th i s  t e s t  was t o  v e r i f y  t h e  a b i l i t y  of t h e  above components ,  when 
assembled i n  t h e i r  normal f l i g h t  c o n f i g u r a t i o n ,  t o  w i t h s t a n d  e x p e c t e d  l o a d s .  
The assembled components a r e  suspended by a n  overhead  c r a n e  and t h e n  t h e  
mas t  i s  a t t a c h e d ,  t h r o u g h  a s c a l e ,  t o  t h e  f l o o r .  A t e n s i o n  of 3,000 pounds 
i s  t h e n  a p p l i e d  by means of t h e  overhead c r a n e .  

R e s u l t s  

The assembled components w i t h s t o o d  t h e  t e n s i o n  w i t h o u t  e f f e c t .  It  i s  
concluded  t h a t  t h e  mechanica l  d e s i g n  of t h e  components i s  a d e q u a t e .  
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APPENDIX A - TELEMETRY 

A s t r i p  c h a r t  r e c o r d e r  i s  b e i n g  flown aboa rd  t h e  gondo la  t o  r e c o r d  t h e  
i m p o r t a n t  sys t em p a r a m e t e r  a s  a f u n c t i o n  of  t ime,  T h i s  i n f o r m a t i o n  w i l l  a i d  
i n  d a t a  r e d u c t i o n  and w i l l  h e l p  d e t e r m i n e  t h e  c a u s e  of any m a l f u n c t i o n s  t h a t  
may e x i s t  d u r i n g  t h e  f l i g h t .  
t h e  v o l t a g e s  t o  be  measured t o  t h e  r e c o r d e r  t o  e f f e c t  t h e  n e c e s s a r y  t i m e  
s h a r i n g .  

A s t e p p i n g  s w i t c h  a l t e r n a t e l y  a p p l i e s  e a c h  of 

Thus a s i n g l e  s t r i p  c h a r t  p r o v i d e s  1 2  c h a n n e l s  o f  t i m e  s h a r e d  d a t a .  

The q u a n t i t i e s  t h a t  w i l l  be r eco rded  a r e  e l e v a t i o n  p o s i t i o n ,  t h e  temp- 
e r a t u r e  i n s i d e  and on t h e  gondo la ,  t h e  e x p e r i m e n t e r s  6 v o l t  and 2 8  v o l t  b a t -  
t e r i e s ,  t h e  c o n t r o l  sys t ems  28 v o l t ,  and 3 v o l t  b a t t e r i e s  and 1 1 5  v o l t  and 
3 v o l t s  AC and +15 v o l t s  DC from t h e  s t a t i c  i n v e r t e r .  

The meter i n p u t  r e s i s t a n c e  i s  4 . 6  ohms and f u l l  s c a l e  me te r  movement 
r e q u i r e s  100pa.  The s i g n a l  c o n d i t i o n i n g  r e q u i r e d  f o r  e a c h  p a r a m e t e r  w i l l  
be d e t a i l e d  below. 
s p r e a d  t h e  d a t a  o v e r  t h e  s t r i p  c h a r t  t o  f a c i l i t a t e  r e a d i n g .  
c i r c u i t s  a r e  shown d i a g r a m a t i c a l l y  i n  F i g u r e  A - 1 .  

The nominal r e a d i n g  f o r  e a c h  p a r a m e t e r  was chosen  t o  
The v a r i o u s  

A p o t e n t i o m e t e r  i s  d r i v e n  by t h e  e l e v a t i o n  r e s o l v e r  and i s  e n e r g i z e d  
from t h e  28 v o l t  DC b a t t e r y .  
c h a n n e l  two of  t h e  r e c o r d e r  t h r u  t h e  s t e p p i n g  s w i t c h .  A series r e s i s t o r  i s  
s i z e d  t o  l i m i t  t h e  c u r r e n t  t o  100pa w i t h  f u l l  p o t  v o l t a g e .  

The w i p e r  v o l t a g e  from t h e  p o t  i s  a p p l i e d  t o  

Te m D e  r a t u r  e 

A r e s i s t a n c e  t e m p e r a t u r e  d e t e c t o r  i s  used i n  a b r i d g e  c i r c u i t  which i s  
s i z e d  t o  g i v e  @a a t  - 4 O O C  and 10Opa a t  +5OoC. I n  o r d e r  t o  measure such a 
w i d e  r a n g e  w i t h  mean ingfu l  r e s o l u t i o n  i t  was n e c e s s a r y  t o  use  a b r i d g e  c i r -  
c u i t  r a t h e r  t h a n  a v o l t a g e  d i v i d e r .  If i t  i s  found i n  t h e  f u t u r e  t h a t  t h e  
t e m p e r a t u r e  v a r i a t i o n s  a r e  s m a l l ,  i t  w i l l  be p o s s i b l e  t o  e l i m i n a t e  t h e  b r i d g e  
c i r c u i t s .  
t o  e n e r g i z e  t h e  c i r c u i t  w i t h  a center t apped  s u p p l y  which r e q u i r e d  t h e  u s e  
of s e p a r a t e  b a t t e r i e s .  These a r e  mounted on t h e  t e l e m e t r y  r a c k  behind t h e  
t e l e m e t r y  box. The c i r c u i t r y  f o r  each t e m p e r a t u r e  channe l  is i d e n t i c a l .  

In o r d e r  t o  ground one s i d e  of  t h e  b r i d g e  o u t p u t  i t  was n e c e s s a r y  

The s i g n a l  from t h e  i n s i d e  t e m p e r a t u r e  i n d i c a t o r  i s  r o u t e d  t o  channe l  
f o u r  on t h e  r e c o r d e r  and t h e  s i g n a l  from t h e  o u t s i d e  t e m p e r a t u r e  i n d i c a t o r  
i s  a p p l i e d  t o  channe l  e i g h t .  

ExDerimen t e  r B a t t e r i e s  

The e x p e r i m e n t e r s  s i x  v o l t  b a t t e r y  w i l l  be monitored on channe l  f i v e .  
The v o l t a g e  w i l l  be a p p l i e d  th rough  an 81.1 K ohm r e s i s t o r  t o  l i m i t  t h e  6 
v o l t  r e a d i n g  t o  70pa. The 2 8  v o l t  b a t t e r y  w i l l  be monitored on channe l  s i x  
and t h a t  v o l t a g e  w i l l  be r o u t e d  th rough  a 369.4 K ohm r e s i s t o r  t o  l i m i t  t h a t  
r e a d i n g  t o  75pa. 
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C o n t r o l  System DC V o l t a g e s  

The 28 v o l t  DC b a t t e r y  i s  r e c o r d e d  on c h a n n e l  t h r e e  w i t h  a nominal 
r e a d i n g  of 6Opa and t h e  3 v o l t  DC b a t t e r y  i s  r e c o r d e d  on channe l  e l e v e n  
w i t h  a nominal r e a d i n g  of  36pa. 

S t a t i c  I n v e r t e r  V o l t a g e s  

The +15 v o l t  DC o u t p u t  f rom t h e  s t a t i c  inver ter  i s  monitored on channe l  
one.  I t  i s  a p p l i e d  th rough  a 300K ohm r e s i s t o r  t o  l i m i t  i t s  nominal c u r r e n t  
r e a d i n g  t o  50pa. The 115V AC from t h e  s t a t i c  i n v e r t e r  is r e c t i f i e d ,  f i l -  
t e r e d ,  and a p p l i e d  t o  channe l  n i n e  t h r o u g h  a r e s i s t o r  which l i m i t s  t h e  nom- 
i n a l  r e a d i n g  t o  70pa. A l s o ,  t h e  3 v o l t  AC o u t p u t  of t h e  r e s o l v e r  f i l t e r  i s  
r e c t i f i e d  and a p p l i e d  t o  channe l  s e v e n  t h r o u g h  a l i m i t i n g  r e s i s t o r  which i s  
s i z e d  t o  g i v e  nominal r e a d i n g  of  90pa. 

The r e c o r d e r ,  s t e p p i n g  s w i t c h ,  and t h e  v o l t a g e  c o n d i t i o n i n g  e l e c t r o n i c s  
a r e  a l l  mounted on one r a c k .  T h i s  f a c i l i t a t e s  t h e  p o s s i b i l i t y  of c h o o s i n g  
d i f f e r e n t  p a r a m e t e r s  t o  be mon i to red  i n  t h e  f u t u r e .  
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APPENDIX B - POWER SUPPLY 

E l e c t r i c a l  power f o r  t h e  b a l l o o n  sys tem i s  p rov ided  by a 28V DC b a t t e r y  
pack c o n s i s t i n g  of  19  series connected  " s i l v e r c e l "  b a t t e r i e s .  The nominal 
c a p a c i t y  of t h i s  b a t t e r y  pack i s  40amp-hrs. ,  a t  a 4amp d i s c h a r g e  r a t e .  The 
c e l l s  a r e  e n c l o s e d  i n  a n  a i r - t i g h t  aluminum box w i t h  a r e l i e f  v a l v e  p rov ided  
t o  p r e v e n t  a n  i n t e r n a l  p r e s s u r e  bu i ld -up  a s  t h e  b a t t e r i e s  a r e  d i s c h a r g e d .  
S i l v e r  z i n c  b a t t e r i e s  were s e l e c t e d  f o r  t h e i r  h i g h  wa t t -hour  o u t p u t  per 
pound of b a t t e r y  w e i g h t .  

A l s o ,  p a r t  of t h e  power supp ly  i s  a n  i n v e r t e r - c o n v e r t e r  which s u p p l i e s  
115vac ,  4OOcps power f o r  t h e  s e r v o  motors  and +15vdc f o r  t h e  sun  s e n s o r  
e l e c t r o n i c s .  A s e p a r a t e  28vdc b a t t e r y  pack and-12vdc c e n t e r  t a p  b a t t e r y  
a r e  b e i n g  f u r n i s h e d  by t h e  expe r imen te r  bu t  a r e  n o t  p a r t  of t h e  sys tem power 
s u p p l y .  A power d i s t r i b u t i o n  schemat i c  i s  shown i n  F i g u r e  B - 1 .  

The combined AC and DC power requi rement  f o r  t h e  sys tem i s  broken  down 
a s  f o l l o w s :  

AC 

Se rvo  motor  r e f .  v o l t a g e  
Compass & A m p l i f i e r  
R e s o l v e r  Refe rence  

1 0 . 5  w a t t s  
.018 w a t t s  
1 .O w a t t  
1 1 . 7  

50% I n v e r t e r  E f f .  = 23.4 w a t t s  

Timer Motor 5 w a t t s  
Servo  A m p l i f i e r s  - 1 0 . 5  avg .  22 .5  max. 1 0 . 5  w a t t s  
Compass A m p l i f i e r  .056 w a t t s  
Re lays  1 .68  w a t t s / r e l a y  8 . 5  w a t t s  
Sun S e n s o r  E l e c t r o n i c s  1 . 5  w a t t s  
Camera E l  e c t r o n i c s 2 .0  w a t t s  

27 .5  w a t t s  

The maximum d u r a t i o n  of any f l i g h t  shou ld  n o t  exceed 1 2  h o u r s ,  of which 
a t  l e a s t  2 hour s  would be  r e q u i r e d  f o r  t h e  l aunch- recove ry  phase .  The power 
r e q u i r e d  d u r i n g  t h i s  phase  i s  on ly  6.5 w a t t s .  T h e r e f o r e ,  t h e  maximum power 
r e q u i r e d  i s  lO(50 .9)  + Z(6.5) = 522 w a t t - h o u r s ,  which i s  w i t h i n  t h e  capac-  
i t y  of t h e  b a t t e r y  pack .  

The e n t i r e  gondo la ,  excep t  t h e  i n e r t i a  r i n g ,  w i l l  be covered  w i t h  two 
l a y e r s  of 1" Styrofoam.  T h i s  should p r e v e n t  t h e  b a t t e r i e s  from r e a c h i n g  such 
a low t e m p e r a t u r e  d u r i n g  a s c e n t  a s  t o  r educe  t h e  b a t t e r y  o u t p u t .  
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400 Cvcle S i n e  Wave F i l t e r  

The 4OOcps power r e q u i r e m e n t s  f o r  t h e  b a l l o o n  a r e  115V f o r  t h e  s e r v o  
m o t o r s ,  30V f o r  t h e  r e s o l v e r  c h a i n  and 3V f o r  t h e  f l u x g a t e  compass.  These 
l a t t e r  two v o l t a g e s  must be s i n e  waves w i t h  less  t h a n  5% Harmonic D i s t o r t i o n .  
I t  was found t h a t  c o n s i d e r a b l e  weight  cou ld  be saved  by e x c i t i n g  t h e  s e r v o  
moto r s  w i t h  s q u a r e  wave e x c i t a t i o n  ( a t  a s l i g h t  d e c r e a s e  i n  e f f i c i e n c y ) ,  by 
u s i n g  a s q u a r e  wave i n v e r t e r  i n s t e a d  of  a s i n e  wave i n v e r t e r .  T h i s  t h e n  
r e q u i r e d  d e s i g n i n g  a s m a l l  s q u a r e  t o  s i n e  wave f i l t e r  t o  supp ly  t h e  s ine wave 
v o l t a g e s  r e q u i r e d .  

The f i l t e r  was des igned  by t h e  Space Power Technology Branch a t  Goddard 
and i s  shown i n  F i g u r e s  B2 and B3. The f i l t e r  uses ser ies  and p a r a l l e l  tuned  
c i r c u i t s  r e s o n a n t  a t  4OOcps. The c i r c u i t  was t e s t e d  f o r  r e g u l a t i o n  and s t a -  
b i l i t y  over  a t e m p e r a t u r e  r ange  of -1OOC t o  +6OoC. The r e g u l a t i o n  was w i t h i n  
+lo% and t h e  d i s t o r t i o n  was l ess  than  5%. For  f l i g h t ,  t h e  f i l t e r  w i l l  be 
ecco- f  oam p o t t e d .  
- 
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FIGURE 8 3  
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